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Abstract 
Determination of trace contaminants In foods 
Kathy Rldgway 
Determination of low levels of chemicals unintentionally present in foods (trace 
contaminants) often requires extensive wet chemistry extraction and clean-up 
regimes prior to instrumental analysis and this is usually the bottleneck in 
analysis. In order to determine if levels pose a human health risk, rapid 
reliable methods are required that can unequivocally identify and quantify 
contaminants at trace levels. In particular, current methods for targeted food 
taint analysis have long extraction times and rapid screening methods such as 
direct headspace, do not provide the sensitivity required. 
In order to address the issues raised above, this study set out to review all 
aspects of sample preparation and the applicability of each technique for the 
determination of trace organic contaminants in foods. Following the review, 
solid-phase dynamic extraction (SPDE) was evaluated for the determination of 
example food contaminants furan and the BTEX compounds (benzene, 
toluene, ethyl benzene and 0, rn, and p-xylene). Stir bar sorptive extraction 
(SBSE) was also evaluated for the determination of furan, benzene and 
toluene. A SBSE method for the determination of furan in food and beverages 
was developed which gave the advantage of extraction at ambient 
temperature, (thus minimising potential formation) and was comparable to 
direct static headspace in performance and sensitivity. 
The use of SBSE was then evaluated for use as a generic screening method 
for compounds known to cause taints in foods. Twenty example compounds 
were chosen based on previously reported taints from a range of origins and 
included those most commonly investigated (such as halogenated phenols 
and anisoles). The optimised SBSE method was compared to the more 
established techniques, direct static headspace and steam distillation 
extraction using Likens Nickerson apparatus. The SBSE method provided an 
increase in sensitivity for most compounds and further improvements were 
demonstrated for more targeted analysis, using a GC-MS, GC-MS/MS and 
GC-HRMS instrumentation. 
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Chapter 1 Introduction 
CHAPTER 1 
INTRODUCTION 
There is increasing emphasis on protecting the consumer and public health 
from chronic and acute exposure to low levels of chemicals unintentionally 
present in foods (trace contaminants). The European Commission has made 
significant efforts in research via its Framework Programmes to understand 
the occurrence, formation, and risk to public health of such contaminants. 
Similarly as the food and beverage supply chain becomes more global, other 
national and regional bodies such as Codex, Health Canada and FDAlCFSAN 
(Center for Food Safety and Applied Nutrition) have an increased focus on 
food safety in relation to analysis of residues and contaminants. Risk 
management measures, such as legislation, have also been implemented to 
control the levels of trace contaminants in the food chain. Within the European 
Union, this has led to mandatory surveillance programmes both at National 
and at European levels and the setting up of the European Rapid Alerts 
System for Food and Feed (RASFF). The programmes have a strong focus on 
contaminants in order to better understand the dietary intake levels and hence 
refinement of the exposure assessment and better definition of risk to human 
health. 
In order to ensure proper risk management decision making, reliable validated 
methods are required that can unequivocally identify and quantify trace 
contaminants, especially in situations where compounds are newly identified 
or are found in a wider variety of matrices. As risk assessments improve and 
the level of human health risk becomes clearer, legislative limits for 
contaminants in food are decreasing, driving the need for more sensitive 
methodology. As limits of detection improve, regulatory levels are reduced still 
further. Methods of analysis must be sensitive enough to cover not only the 
allowed use of permitted substances down to legislative limits, but also the 
detection of banned substances following misuse or those unintentionally 
present, for example due to production during processing. Public health and 
safety risk assessments require that reliable data and unequivocal 
identification of an analyte must be possible so that the data can not be 
questioned. 
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The determination of trace contaminants in complex matrices, such as food, 
often requires extensive sample extraction and preparation prior to 
instrumental analysis. Sample preparation is often the 'bottleneck' in analysis 
and there is an advantage in minimising the number of steps to reduce both 
time and sources of error. There is also a move towards more environmentally 
friendly techniques, which use less solvent and smaller sample sizes. The 
ease of automation of techniques is also becoming increasingly important. 
Generally automated techniques are more robust and less labour intensive 
and therefore can be more easily transferred to the supply chain for routine 
use in safety and quality control analysis. 
1.1 Objectives 
Currently many methods for the determination of trace level contaminants in 
food involve extensive sample extraction and preparation prior to instrumental 
analysis. Sample preparation is often the 'bottleneck' in analysis and there is 
an advantage in minimising the number of steps to reduce both time and 
sources of error. Within the food industry response time for analysis can be 
key, particularly when dealing with incidents that may cause a potential risk to 
human health. Analysis must be rapid and precise to enable accurate risk 
assessments to be made. Established procedures for dealing with unknown 
contaminants (such as food taints) generally involve a two step process. 
Initially the identification of the compound(s) by a generic screening method, 
followed by more targeted analysis to enable quantitation for risk 
assessments. Most screening methods currently lack the sensitivity required 
for analysis of food taints, where contaminants responsible can be present at 
very low ~g r' (ppb) levels. A single method was sought that would provide 
both identification and quantitation of a range of analytes at trace levels in 
foods. 
This chapter looks at the occurrence of contaminants in foods with a focus on 
food taints and the problems the analysis of such compounds present to the 
analytical chemist. With this in mind the chapter then details a review of 
extraction techniques and applications for determination of trace contaminants 
in foods, such as taints, considering the benefits of each and applicability of 
the methods to both a generic 'screening' procedure and more targeted 
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analysis, taking into account the speed of analysis as well as selectivity and 
sensitivity. 
1.2 Occurrence of food contaminants 
Food contamination can originate from many sources, including ingredients, 
processing, the environment, packaging, transportation and storage. The term 
contaminants can be used to cover a diverse range of compounds: residues 
of pesticides or veterinary drugs; contaminants found in the environment such 
as dioxins and brominated flame retardants; compounds formed from moulds, 
such as mycotoxins; compounds formed during heat treatment or processing, 
such as furan and acrylamide; or from packaging, such as phthalates. 
Similarly, the presence of a compound causing a taint or off-flavour may 
cause a food to be unfit for consumption. Although the food with the taint or 
off-flavour is often not a safety risk to the consumer, the perception of low 
safety or quality, brand damage and adverse publicity can be extremely costly 
to the food industry. The levels of such contaminants can vary greatly and for 
most known contaminants safe levels are defined through legislation and 
levels of toxicological concern, such as maximum residue levels for pesticides. 
However, for banned substances, such as some dyes or additives, the method 
must be capable of measuring as low as is reasonably practicable, to 
demonstrate their absence. 
The compounds responsible for taints are frequently only present at trace 
levels, but concentrations of toxicological concern may be reached before 
some compounds produce a sensory effect. Therefore, until the causes of a 
taint have been established it is prudent to regard all taints as potential food 
hazards. Some compounds can be detected at extremely low concentrations 
and particular individuals may be more sensitive (or insensitive) to certain 
odours and compounds. Accurate methods of analysis are therefore required 
to identify and quantify the responsible contaminants, help identify the origins 
of the taint and provide data for reliable consumer safety risk assessments. A 
wide range of compounds can be responsible for a taint or off-flavour in food 
and the next section (1.2.1) highlights some of these and discusses possible 
origins. 
3 
Chapter 1 Introduction 
1.2.1 Origins of food taints 
A taint in food results from contamination by a foreign chemical derived from 
an external source, whereas an off-flavour is an atypical odour or taste 
resulting from internal deterioration in the food (such as microbiological 
spoilage or lipid oxidation). However, this distinction is seldom made, 
particularly in consumer complaints, and methods of analysis are generally the 
same. The flavour of food is defined by both its odour and taste and most food 
taints are detected by odour. The sensitivity of the human nose means that 
some compounds can be detected at extremely low levels and individuals may 
be more sensitive to certain odours and compounds. The challenge in the 
analysis of food taints is to detect and identify such compounds in complex 
matrices. 
Some common taints and associated sources are discussed in this section 
and summarised (Table 1.1), although it should be noted that the list is not 
exhaustive as changes in practices and developments in processes can lead 
to previously unknown taints being formed and identified. 
A review by Mottram [1], described the origins of some chemicals responsible 
for taints and off-flavours in foods and gives details of several specific 
incidents. Examples of food taints investigated by our own laboratory include 
'musty' tea, due to the presence of tribromoanisole; a soapy taint in soup from 
decanoic and octanoic acid; disinfectant taints in soft drinks and cup-a-soup 
from di- and tri-chlorophenols and in fish sticks due to chlorocresol, all of 
which were a direct result of cross contamination during processing or 
storage. The move towards a more global supply chain and the possibilities 
for joint storage or transport has the potential to increase taint incidents in the 
food industry. 
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Table 1.1 
Examples of Taints and their possible origins. 
(Main source - ·'index of chemical taints" Leatherhead Foods RA 1992, [341] and "Taints and off flavours in food" Baigrie (ed) [139]) 
Odour descrlptor Compounds Posslbte orialn 
Acrid Acrolein Formed microbiolo!licallv in distillery mashes. 
Acrid/plastic Ethyl and methyl acrylate Industrial chemicals. 
Methyl methacrylate Industrial chemical. 
Almond Heptane-2-one Oxidation of oils (rancid coconut), light-induced oXidation of fats. 
1,4-Dichlorobenzene Drain cleaners and moth-proofing agents. 
Benzaldei1yde Packaging - reaction by product 
Apple Damascenone Microbioloaical- produced t>\' Actinol11}'cetes. 
Oct-l-en-3-one Autooxidation of fats and sometimes found in plastics containing diisooctyl phthalate. 
Acetaldehyde Over production in milk cultures or yoghurt (also described as green) 
Also can be a degradation product of PET packaging. 
Brine/seaside Bromocresol (2-Bromo-4-methylphenol) Associated with corresponding bromophenol/anisole. 
Dibromocresol (2 6-Dibromo-4-methylphenol Associated with corresponding bromophenol/anisole. 
Cabbage Dimethyl sulphide Reactions with methionine and the cause of off flavour in beer. 
DiphenyL sulphide Photoinitiator for cationic inks. 
Cardboard 2,4-Nonadienal Autooxidation of oils and fats. 
Oct-l-en-3-one Autooxidation of fats and sometimes found in plastics containing diisooctyl phthalate. 
Hexanal lipid de radation associated with paper (decarboxvlation and oxidation of li9DilJ..!. 
Cattyl cats urine 4-Mercapto-4-methylpentan-2-one Reaction of hydrogen sulphide (in foods) with mesityl oxide (solvent impurity found in some 
paints/varnishes). 
Chemical Chlorobenzene Used as an antifungal agent in some glues. 
2,4- or 2,6-Dichlorophenol Fungicides, biocides and herbicide intermediates. 
Found in packaoino - wood pulp that has been treated and cardboard. 
Cucumber trans-2-cis-6-Nonadienal AIQae in water. 
Disinfectant 6-Chloro-o-cresol (2-methyl-6-chlorophenol) Disinfectants and drain cleaners or as an impurity in some herbicides. 
2-Chlorophenol Chlorination of phenol (associated with 2-methyl-6-chlorophenol) 
Can orioinate from water containina phenoIJ~,9,. from peat soil) that is chlorinated 
2,3-Dichlorophenol Fun icides, biocides and herbicide intermediates. Also from water containing phenol (e.g. from 
() 
::r 
., 
peat soil) that is chlorinated 
2,4,6-Trichlorophenol Found in packaging - wood pulp that has been bleached and cardboard and polyvinyl acetate 
alues. 
2-Bromophenol Present in algae (major portion of the diet of prawns). Also can be formed by reactions e.g. has 
been found as a taint in fish that has been bleached with hydrogen peroxide, treated with brine 
(containina a bromide impurity) in the presence of trace levels of phenol (in oak storaae barrels). 
Drains 2,6-Dimethyl-3-methoxypyrazine Produced by certain bacteria. 
Earthy Geosmin Microorganisms particularly bacteria. Produced by actinomycetes blue-green algae and 
(trans-1 10-DimethyHrans-9-decaloll cyanobacteria (can contaminate water s!!2.Qlies or soil)~ 
Pentachloroanisole Microbial methylation of the corresponding chlorophenols particularly in wood/pallets treated with 
a chlorophenol preservative. 
2,3,4,6-Tetrachloroanisole Microbial methylation of the corresponding chlorophenol - particularly in wood/pallets treated with 
a chlorophenol preservative or in corks treated with chlorophenol. Can be formed by degradation 
of pentachloroanisole. 
2,3,6- and 2,4,6-Trichloroanisole Microbial methylation of the corresponding chlorophenols particularly in wood/pallets treated with 
a chlorophenol preservative or in corks treated with chlorQIlhenol. 
2-Methylisoborneol Water contaminated with actinomycetes or cyanobacteria. 
Faecal Indole_l2,3-benzopyrrolel Rottil}9_29tatoes and also associated with boar taint in male Dias. 
Skatole (3-methylindole) Bacterial metabolite of amino acids, found in mammalian faeces and has been associated with 
taint in meat from male pigs. 
Fruity Acetaldehyde Over production in milk cultures or yoghurt (also described as green). 
Also can be a dearadation product of PET packaaina. 
2,4-Dichloroanisole Microbial methvlation of 2,4-dichlorophenol. 
Ethvl butanoate ethyl hexanoate ethyl octanoate Microor anisms in foods includino dairy, fish and meat. 
Geranium cis·Octa-1,5-dien-3-one Autooxidation of butterfat 
Benzophenone Packagin hoto-initiator in UV inks and varnishes. 
Green Decanal Autooxidation of fats. 
Iodine 2- Bromophenol Present in algae (major portion of the diet of prawns). Also can be formed by reactions - e.g. has 
been found as a taint in fish that has bleached with hydrogen peroxide, treated with brine 
(containing a bromide impurity) in the presence of trace levels of phenol<ln oak storage barrels). 
Iodoform 2,6-Dibromophenol Aquatic environment - seafood, also can be present in some fungicides, biocides and herbicide 
intermediates (wood treatmenti. 
2,4,6-Tribromophenol Seafood, or reaction of biocide/bromination of phenol. 
Kerosene 1,3·Pentadiene Degradation of sorbate by the Penicillium species (products treated with sorbic acid as a mould 
inhibitor). 
Medicinal 2-Chlorophenol Chlorination of phenol (associated with 2-methyl-6-chlorophenol). e.g. from water containing 
phenol (e.o. from peat soil) that is chlorinated 
6-Chloro-o-cresol Disinfectants and drain cleaners or impurity in some herbicides. 
2,6-Dichloroanisole Microbial methylation of correspondinQ chloro henol. 
Guaiacol Microbiological degradation of vanillin/degradation product of lignin. 
2-lodo-4-cresol Reaction of p-cresol (used in some flavours) with iodised salt. 
Dichlorobenzene Disinfectants, drain cleaner, fumigants. 
Metallic 1-0cten-3-01 Fungalg~owth, autooxidation of fats natural component of clover and fresh mushrooms. 
Oct-1-en-3-one Autooxidation of fats and sometimes found in plastics containina diisooctvl phthalate. 
cis-Octa-1 5-dien-3-one Autooxidation of butterfat. 
Mouldy 1-0cten-3-01 FunQal Qrowth, autooxidation of fats natural component of clover and fresh mushrooms. 
Geosmin Produced by actinomycetes and blue-green algae (can contaminate water supplies or soil). 
(trans-1, 10-dimethyl-trans-9-decalol) 
Musty Pentachlorophenol Used as a biocide in wood treatment and adhesive glues 
Pentachloroanisole Microbial methylation of the corresponding chlorophenols particularly in wood/pallets treated with 
a chlorophenol preservative. 
2,3,4,6-T etrachloroanisole Microbial methylation of the corresponding chlorophenol particularly in wood/pallets treated with 
a chlorophenol preservative or in corks treated with chlorophenol. Can be formed by degradation 
of pentachloroanisole. 
2,3,6- and 2,4,6-Trichloroanisole Microbial methylation of the corresponding chlorophenols particularly in wood/pallets treated with 
a chlorophenol preservative or in corks treated with chlorophenol. 
2,4- and 2,6-Dichloroanisole Microbial methylation of corresponding chlorophenol. 
Geosmin Produced by actinomycetes and blue-green algae (can contaminate water supplies or soil). 
(trans-1, 10-dimethvl-trans-9-decalol) 
2-Methvlisoborneol Water contaminated with actinomycetes or cYanobacteria. 
24,6-Tribromoanisole Reaction of some biocides with phenol followed by microbial methylation to form the anisole. 
1-0cten-3-01 Fungal growth, autooxidation of fats, natural component of clover and fresh mushrooms. 
Octa-1 ,3-diene Metabolite of Anabaena oscillarioides and autooxidation of fats. 
a-Terpineol Disinfectants. 
44,6-Trimethyl-13-dioxan Reaction of 2-methyl-2 4-pentanediol in packaging film with formaldehyde during. storage. 
Trimetl}ylanisole Contaminant in rubber seals. [ 
Paint Heptane-2-one Oxidation of oils and fats. 
trans, trans-Heeta-2, 4-di enal Autooxidation of fats. 
c g 
o 
trans-1,3-Pentadiene De radation of sorbate by the Penicillium species {products treated with sorbic acid as a mould " 
inhibitor). 
Paraffin trans-1,3-Pentadiene Degradation of sorbate by the Penicillium species (products treated with sorbic acid as a mould 
inhibitor), 
Pear-like Acetaldehyde Dearadation product sometimes formed during processirl9..of PET packagirlg. 
Butyl actetate Printina inks. 
Petroleum Dimethy1sulphide Formed from sulphur containina precursors in the a uatic environment such as olankton. 
Xylenes Residual solvents from varnishes/lac uers can migrate throu h ackaginQ. 
Phenolic 2-Bromophenol Present in algae (major portion of the diet of prawns). Also can be formed by reactions - e.g. has 
been found as a taint in fish that has bleached with hydrogen peroxide, treated with brine 
(containina a bromide impurity) in the presence of trace levels of phenol (in oak storaae barrels). 
p.Cresol (4-methylphenol) Microbiological de radation. 
2,4- or 2,6-Dichlorophenol Impurities in herbicides and in packaging from bleaching of wood pulp, or from water containing 
phenoJk.g. from peat soil) that is chlorinated. 
2,6-Dichloroanisole Microbial methvlation of corresDondina chlorophenol. 
Guaiacol Microbioloaical de radation of vanillinldeoradation product of lionin. 
Piney a-Ter ineol Disinfectants. 
Plastic Styrene Migration from polystyrene containers or formed from cinnamaldehyde (in cinnamon. 
Benzothiazole Butyl rubbers. 
trans-1,3-Pentadiene Degradation of sorbate by the Penicillium species (products treated with sorbic acid as a mould 
inhibitor). 
Rancid cis-Oct-2-enal Metabolite of Anabaena oscillarioides and autooxidation of fats. 
Smoky Guaiacol Microbioloqical de radation of vanillin/deqradation product of lionin. 
4-Vinylg uaiacol Deqradation product in oranQe juice. 
Soapy Decanoic acid Lipolysis of li ids ( palm kernel oil coconut oil. 
Lauric acid (dodecanoic acid) Lipolysis of lauryl glycerides (palm kernel oil coconut oil, butler). 
Sulphury Methanethiol ( methyl mercaptan) Degradation of sulphur-containing proteins. 
Sweet 2,4-Dichloroanisole Microbial methylation of 2,4-dichlorophenol. 
Cvclohexane Screen-=2[inting solvent. 
TCP 6-Chloro-o-cresol Disinfectants and drain cleaners or impurity in some herbicides 
Turpentine para-Cymene (t-isopropyl-4-methylbenzene Dearadation product of lemon oil and limonene and v-terpinene in soft drinks. 
Nonan-2-one Rancid coconut. 
Urine 5a-Androst-16-en-3-one Meat from uncastrated male pias. 
Woody 1 A-DichlorObenzene Drain cleaners and also used in moth- rootina aaents. 
00 
Chapter 1 Introduction 
Taints from packaging 
Packaging, particularly for food and beverages, is designed to ensure 
products remain unchanged on storage, thereby retaining the flavour and 
odour of the product whilst preventing external contamination. It is therefore 
prudent to carefully select packaging and control processes to minimise the 
likelihood that the packaging itself can become the source of a food taint. The 
problems and causes of odours and taints originating from packaging have 
been reviewed by Lord [2] and Tice [3]. 
Taints from packaging can occur through direct contact or by vapour phase 
transfer of substances from the packaging to the food. In general, foods with 
high fat content or dry foods with a high surface area are most vulnerable. For 
direct contact, more migration will occur with fatty foods, where the oil and fat 
components can penetrate into the packaging. Neutral products like bottled 
water can also be more susceptible to organoleptic influences. The food 
packaging industry carries out regular taint and odour tests as part of their 
quality assurance programs. These sensory tests assess the odour intensity 
of the packaging and usually involve a taint comparison using a test food (e.g. 
a triangle test, including at least one control sample, not exposed to the 
packaging). 
A wide variety of materials are used in food packaging and odours can 
originate not only from the principal components of the packaging, but also 
from impurities, additives, reaction products formed during manufacture, or 
environmental contamination. The origins of tainting substances formed from 
packaging materials include; inappropriate or contaminated raw materials, 
incorrect or poor control during processing, chemical reactions within the 
packaging material, and storage and transport conditions. A good example is 
taint in peanut butter which following analysis in our laboratory was traced 
back to the lacquer on storage drums migrating through the plastic bags 
containing the product. This also illustrates the importance of taking 
representative samples, as the taint was only observed round the edges at the 
top of the drum. 
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Inks used on the outer surfaces or on materials used for secondary packaging 
may migrate into the packaged product, either by direct contact or transfer in 
the vapour phase. Paper and carton board materials often form part of a 
multilayer packaging with adhesives, varnishes and plastics. Each component 
could provide a source of compounds that may result in food tainting. 
Inks 
Examples of taints originating from packaging include residual solvents from 
inks and varnishes, which generally are a result of insufficient drying after 
printing. There are no generally agreed maximum levels for residual solvents 
in food packaging as many factors determine whether the residue will result in 
a taint in the food. UV-cured inks and varnishes are essentially solvent-less, 
but residual acrylate monomers, photoinitiators [4) (such as benzophenone) or 
reaction by-products from the polymerisation process, such as benzaldehyde 
and alkyl benzoates, can lead to trace odours, that could migrate into the food 
product. Mesityl oxide (4-methylpent-3-en-2-one), previously used as a 
solvent for paints and lacquer coatings, can react with hydrogen sulphide 
(present naturally in many foods) to form 4-mercapto-4-methylpentan-2-one, 
known to produce a 'catty' animal odour [1). 
Paper and board 
Odours can be present in paper and board packaging and can arise from 
bacteria, moulds, auto-oxidation of residual resins, and from the degradation 
of processing chemicals. Soderhjelm and Ezkelinen [5) gave a list of volatile 
compounds found in pulp samples, along with odour descriptors. 
Decarboxylation and oxidation of lignin can produce vanillic acid and its 
subsequent degradation causes the presence of guaiacol [6]. If a synthetic 
resin binder is used, particularly one based on styrene/butadiene, odorous 
volatile by-products can be produced. Hexanal is often found in paper and 
board at low levels and can also give rise to a taint. Metallic ions present in 
the pulp can act as catalysts for the oxidation of lipids and give odorous 
volatiles, such as aldehydes, alcohols and esters [7], but these compounds 
are usually present at too Iowa level to impart a noticeable odour. However, 
some paper and board can become more odorous on storage due to such 
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oxidation reactions and complexing agents are commonly added to reduce the 
level of free metal ions, which can act as catalysts. Surface coatings on paper 
and boards can add another potential source of taints and careful selection of 
inks and varnishes and control of the printing and drying process is advised to 
minimise taint incidents. Migration studies of model compounds have shown 
that migration depends on the nature of the paper samples and that more 
migration occurs from packaging into products with higher fat content [8]. The 
use of recycled rather than virgin board could also lead to potential 
contaminants. 
Residual monomers 
In plastics packaging, residual monomers are one of the main sources of 
potential taints. Styrene, for example, has a relatively low odour threshold and 
also can be formed from the plastic packaging if excessive heat is used in 
processing. The detection of styrene taint in food is very dependent on the 
type of food product [9, 10]. Contamination of cheese by styrene dibromide 
(used as a catalyst in polystyrene manufacture up to the 1970s) has been 
reported following migration of leach ate from polystyrene cold storage 
insulation [11]. Monomers used in polyethylene terephthalate (PEl) 
packaging, although not particularly odorous, can form degradation products 
such as acetaldehyde, during the manufacturing process, which have been 
known to cause taints in beverages [12]. Similarly, although residual 
monomers present in polyethylene, polypropylene and related copolymers are 
not generally responsible for odours, oxidation compounds have been 
identified, such as l-heptan-3-one and l-nonenal [13]. 
Fungicides - halophenols 
One of the most commonly reported taints in foods is due to contamination by 
chlorophenols and chloroanisoles originating from packaging materials [2]. 
Chlorophenols have been used industrially as fungicides, biocides and 
herbicide intermediates, most commonly in the treatment of wooden storage 
pallets. Chlorophenols can be microbially methylated by numerous organisms 
to the corresponding chloroanisoles [14]. Pallets made from soft wood that 
has been treated with certain fungicides can therefore be responsible for 
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taints due to the migration of chlorophenols or chloroanisoles into ingredients 
or products during storage. Other problem sources have included jute sacks 
and multi-wall paper sacks (where pentachlorophenol was used as a biocide 
in an adhesive used to glue the seams). 
Pentachlorophenol (pep) is now rarely used in most countries due to 
concerns over toxicity. However, the use of bromophenols in place of 
chlorophenols can lead to the formation of bromoanisoles through microbial 
methylation. Brominated anisoles generally have lower sensory thresholds 
than the chlorinated analogues. 2,4,6-Tribromoanisole in particular, has a very 
low sensory threshold and has been linked to taints originating from treated 
wooden pallets. Halophenols can also be formed when phenols present in 
wood/board from decomposition of the lignin react with a source of bromine or 
chlorine and similarly, tribromophenol can be formed by the reaction of certain 
biocides with phenol. Sample preparation methods for chlorophenols in 
environmental, enological and biological samples were recently reviewed by 
Quintana and Ramos [15] and highlighted the need for different approaches 
for different matrix types. 
Water as a source of taints 
If food is produced using tainted mains water, then it is probable that the 
product will also be tainted. Water containing a source of phenol (for example 
from peat soil), that is then chlorinated can easily produce chlorophenols. 
Similarly if bromine is present then bromophenols can be produced. Tastes 
and odours in the aquatic environment can originate from naturally occurring 
compounds derived from the activity of micro organisms in soil or water, or 
from oil or petroleum spills [16, 17]. Most taints detected in fish originate from 
the aquatic environment [18, 19]. Sulphur compounds formed from precursors, 
such as plankton, can cause taints in fish. For example, a taint often described 
as petroleum has been reported due to the presence of dimethylsulfide (DMS) 
[19] and fish and crustaceans have been reported to have iodoform or iodine 
like taints, attributed to bromophenols [20]. A common taint reported in water 
as earthy-musty is due to geosmin, 2-methylisoborneol (MIB) and 
haloanisoles [21] and is generally associated with microorganisms, particularly 
bacteria [22]. Other compounds reported to cause taint in water, include 2-
isopropyl-3-methoxypyrazine (IPMP) and 2-isobutyl-3-methoxypyrazine 
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(IBMP), which are metabolites of Actinomycetes and soil bacteria. Various 
treatment processes have been developed to remove off-odours from potable 
water [23]. 
Cleaning products 
A large number of reported taints each year originate from cleaning products 
or disinfectants [24]. Taints from cleaning agents or disinfectants can occur 
accidentally due to the transfer of volaliles or poor rinsing, or from direct 
contact if 'no-rinse' products are used. Disinfectants based on active chlorine, 
iodine or oxygen can react with food components to form additional 
compounds - for example halophenols and potentially haloanisoles. Methyl 
ketones present in the majority of foods at low concentrations can react to 
form chloroform or iodoform. The formation of such compounds can depend 
on the presence of other compounds, for example sequestering agents for 
metals can be added to decrease metal catalysed formation reactions, 
whereas the presence of quaternary ammonium compounds can increase 
reactions [24]. New polymer flooring, contaminated with traces of phenol can 
react with chlorine-based disinfectants to produce chlorophenols [1]. If 
chlorine-based disinfectants are used on the same site as phenolic 
disinfectants then a reaction can occur - not only in the drain but also 
potentially in the atmosphere. The presence of microorganisms can then lead 
to the formation of tribromoanisole, which has an extremely low sensory 
threshold and can lead to considerable taint problems in a factory 
environment. 
Microorganisms 
The microorganisms generally associated with off-favours in food, bacteria 
and fungi have been reviewed by Whitfield [25]. The food affected, included 
meat, dairy, fruit, vegetables and cereals, and a wide range of compounds 
with varied sensory descriptors were produced [26, 27]. Examples include the 
production of guaiacol from vanillin [28, 29], a compound responsible for the 
vanilla flavour in products, such as ice cream, and an off-flavour produced by 
Peniciffium species in margarine [30]. Sorbic acid, used as a preservative in 
food, can be converted by mould to give pentadiene and 1,3,-pentadiene 
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causes taints in various foodstuffs [31]. Pinches and Apps [32] described the 
production in food of 1,3-pentadiene and styrene by Trichoderma species. 
The production of styrene in foods has been linked to the action of a specific 
yeast on cinnamaldehyde, although the presence of cinnamon or cinnamon 
flavours is not a prerequisite for styrene production [33]. Two bacterial species 
and their metabolites have been linked to the production of compounds, such 
as guaiacol, dibromophenol, geosmin and 2-methylisoborneol in apple juice 
[34], leading to an off-flavour described as musty/earthy or medicinal-like. 
Food reaction off-flavours 
Thermal processing and the Maillard reaction are responsible for many 
beneficial food flavours and can also be responsible for some off-flavours in 
foods. Examples include the browning and flaVour deterioration of fruit juices 
on storage, attributed to Maillard reaction products, such as substituted 
furfurals, furans and pyrroles [35] and similarly during the deterioration of UHT 
milk flavour during storage [36]. However, lipid oxidation is generally 
considered the main source of off-flavours in foods. There are several 
mechanisms for lipid oxidation, which have been reviewed by Saxby [37] and 
Hamilton [38]. Common compounds associated with the resultant 'rancid' off-
flavours, include aldehydes, ketones, lactones furans, carboxylic acids, 
alcohols and hydrocarbons. 
Cork taint 
One of the most well known food taints is the musty taint in "corked" wines, 
and many papers have been dedicated to this subject [39-52]. Chloroanisoles, 
in particular 2,4,6-trichloroanisole due to its low sensory threshold, have been 
identified as the cause. The presence of chloroanisoles in cork can be due to 
the microbial degradation of chlorophenols (used in insecticides and 
herbicides) or chlorinated solutions used to bleach the cork. Other off-flavours 
in wine can originate from a number of sources, including fungal flora on the 
grape, formation by yeasts or bio-methylation of phenols [53]. 2,4,6-
Trichloroanisole has also been identified as causing a musty/muddy off-flavour 
in sake and was thought to originate from the wooden tools used in preparing 
rice koji for sake brewing [54]. 
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1.3 The complexity of food as a matrix and analytical method 
requirements 
Food as a matrix can have a variety of physical types, including dry powders, 
biological matrices such as meat and fish, fats and liquids or solutions. 
Therefore, each matrix may need a different methodology for the same 
analyte. Food products may contain a large number of food components 
within one sample, providing many potential interferences with the analyte of 
interest. Foodstuffs in general are inhomogeneous and many methods 
developed initially for water need additional sample preparation in order to be 
applicable to the analysis of foods. Another consideration is that when looking 
for trace level contaminants, large concentrations of matrix components can 
cause problems - e.g. ethanol for alcoholic drinks. In order to obtain the 
necessary sensitivity for trace analysis, often a large sample size is needed, 
but as a consequence, the methodology needs to be more selective. Some of 
the more recent techniques have been developed with smaller sizes in mind 
but it should be noted that any sample taken for analysis must be 
representative of the bulk matrix to provide accurate and robust data. The 
initial sampling stage in any method can be just as important as the final 
analysis and the larger the sample size, generally the more precise the results 
[55). 
The amount of sample preparation needed depends on the sample matrix and 
the properties and level of the analyte to be determined. The typical steps 
within sample preparation can be represented by a flow chart (Figure 1.1). 
I Sampling I c:==> Homogenisation c::::::; Extraction 
I Analysis I <;==J Concentration <;::::::::J 
Figure 1.1: Steps in sample preparation 
Clean-up 
(multiple?) 
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For the determination of trace organics, the final analysis is invariably 
achieved using a powerful separation technique, typically chromatographic, 
combined with an appropriate detector. 
The sample preparation must be tailored to the final analysis, considering the 
instrumentation to be used and the degree of accuracy required, whether 
quantitative or qualitative. Sample preparation is generally matrix and analyte 
dependent. For quantitative analysis, consideration must also be given to the 
preparation of the most appropriate calibration standards. In some cases, 
matrix matched standards or the method of standard additions may be 
necessary. The use of a suitable internal standard should also be considered. 
Optimal sample preparation is necessary to minimise the number of steps, not 
only to reduce time, but also because each step adds a potential source of 
error. Optimised sample preparation techniques become even more critical at 
the low concentrations present in ultra-trace level analysis. The reproducibility 
of the analysis decreases with decreasing concentration [55]. In trace level 
analysis sample preparation is particularly important as it can account for a 
significant amount of the variability of a particular method. In order to minimise 
the uncertainty in sample preparation a number of factors need to be 
considered. As statistically the amount of uncertainty in a method is directly 
related to the number of steps then a reduction in the number of steps in a 
method should reduce the uncertainty. A more selective extraction technique 
may eliminate or reduce the clean-up required. The use of automated 
techniques usually also leads to a reduction in uncertainty. Automation is 
generally more reproducible than manual methods and will also decrease the 
time spent on sample preparation, which is often the 'bottleneck' in analysis. 
Any extraction technique, whether a manual or automated process, must be 
robust and reproducible. Quality control and safety in the supply chain 
demands reliable methodology that is both rapid and easily transferable. 
The use of mass spectrometry in instrumental analysis has enabled the 
'extraction' of an analyte at the detection stage of a method by the selection of 
specific ions or transitions. The need for rapid and universal methods, 
covering a large number of compounds down to the low levels required by 
legislation has led to the development of crude extractions. For example, the 
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QuEChERS method for pesticide analysis [56) uses low volumes of solvent 
and little or no clean-up. However, good sample extraction and preparation 
methods are still important for Le-MS methods in particular, as noted by 
Zollner et al. [57] and discussed more recently by Sangster [58). The impact of 
matrix effects on ionisation efficiency, detector noise and ultimately on limits of 
detection and quantification, resulting from the sample preparation employed 
must always be considered. This is particularly important for the determination 
of trace level contaminants in complex matrices, such as food, and can be 
illustrated by the analysis of Sudan dyes in food [59, 60). The use of an 
appropriate clean-up technique, in this case solid phase extraction (SPE), 
significantly reduced matrix interferences and therefore led to an improvement 
in signal to noise, thus enabling mass spectral confirmation and a decrease in 
the limits of quantitation. 
The added benefit is that the cleaner the sample, the better the 
chromatography and generally the less time spent on instrument 
maintenance. More importantly, the enhanced sensitivity (less noise and 
interference) in the detection step and reduction of interfering compounds 
facilitates unequivocal identification and confirmation. This is particularly 
important when investigating the presence or absence at low concentrations 
of a contaminant in complex sample matrices, such as food. 
1.4 Principles of extraction and separation 
The general requirement of an extraction technique is to separate the analytes 
of interest from the other components of the matrix i.e. removal of potential 
interferences. Extraction can be defined in a number of ways. The selective 
extraction of analytes is based on differences in their chemical and physical 
properties. These typically include molecular weight, charge, solubility 
(hydrophobicity), polarity or differences in volatility. Some extraction methods, 
such as immunoaffinity and imprinted polymers, utilise selectivity for specific 
structural groupings or mimic a biological selectivity. 
Extraction of components from a solid matrix by a liquid is based 
predominantly on solubility and mass transfer. A change of phase, for 
example in distillation or precipitation, can also be used for 'extracting' or 
separating components of a mixture. In all extraction techniques, the transfer 
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of analytes into the extracting phase (whether a gas, liquid or solid) is 
dependent upon the chemical properties of the analytes and the distribution 
between two immiscible phases. The distribution can be described in terms of 
an equilibrium between these phases and the selective extraction of 
components from a liquid or gas is generally based on differences in the 
partitioning, which can be manipulated in order to concentrate the analyte in 
one phase. 
The fundamental principle common to all chemical extraction techniques 
involves the distribution of the analyte(s) between the sample matrix and the 
extraction phase. This will involve one or more chemical equilibria and the 
conditions need to be optimised for each application. A chemical equilibrium 
can be represented by the following equation: 
[XlB• where X is the analyte concentration in phases A and B. 
The distribution of the analyte between the phases is given by the distribution 
constant (K). 
K = [XlA 
[XlB 
Where [Xl represents the concentration in each phase at constant 
temperature (or more accurately the activity of the analyte in each phase but 
this can be approximated by using concentration). Usually the total amount of 
all forms of the analyte present in each phase at equilibrium is considered. 
With A as the 'extraction' solvent, the higher the value of K, the more 
exhaustive the extraction (the further over to the left hand side of the 
equilibrium). In liquid-liquid extraction, K gives an indication of the relative 
solubilities of the analyte in the two phases. For solid phase extraction 
techniques, the concentration in the extraction phase is actually the surface 
concentration of adsorbed analytes and the sorbent surface available for 
adsorption must also be considered. 
All distribution constants assume temperature and pressure are constant and 
that the analyte is present in the same form in both phases. Changes in the 
distribution enable extraction of an analyte from one phase into the other. This 
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selectivity can be changed by the choice of extraction solvent and/or by 
changing other conditions, such as the pH, temperature, and pressure or by 
addition of ion-pair or complexing reagents. 
A change in form of an analyte can also drive the extraction, such as an acid-
base partition, often used for membrane extraction. This approach can also be 
used as a fundamental separation technique by changing the pH of a 
matrix/solution, to separate acidic analytes (organic acids and phenols) from 
bases (such as amines) and neutrals, by changing their charge. For aqueous 
species, an analyte can exist in equilibrium with several other forms e.g. for a 
weak acid liquid-liquid extraction (Figure 1.2). 
Organic 
phase 1 HA 
t 
... 
Aqueous HA 
phase 2 t 
W+A-
Figure 1.2 Forms of a weak acid (HA) during liquid-liquid extraction 
The equilibrium in the aqueous phase depends on the pH and to enable 
reproducible solvent extraction into the organic phase, the pH must remain 
constant, so that the HA species is maximised. This type of 
separation/extraction is often employed to modify the analyte and enable 
extraction in techniques, such as solid phase micro extraction (SPME) and stir 
bar sorptive extraction (SBSE). 
The extraction process in terms of the distribution ratio (Ko) considers the total 
amount of analyte (in all forms) present in each phase at equilibrium. The 
efficiency of any given extraction depends on the magnitude of the distribution 
ratio and the volume of each phase. 
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The theory of the extraction process is only covered briefly in this introduction 
and more detail, including theoretical equations, can be found in books on 
sample preparation [61-63]. 
1.4.1 Exhaustive extract/on 
The objective for exhaustive techniques is to completely remove analytes from 
the sample matrix and transfer them to the extraction phase. If Ko is large 
almost all the analyte is transferred into the extracting phase in each 
extraction stage and extraction would be considered complete after 2 or 3 
steps in traditional solvent (liquid-liquid) extraction. However, exhaustive 
extraction is often only possible by using large volumes of extraction phase (or 
multiple extraction steps). 
1.4.2 Equilibrium techniques 
Some extraction methods are optimised at equilibrium and these methods are 
not designed to provide exhaustive extraction of the analyte into the extracting 
phase. Compared to exhaustive extraction the capacity of the extraction 
phase is generally smaller or the sample matrix/extraction phase distribution 
constant is low. Equilibrium techniques, including headspace GC and variants 
on SPME, are optimised when equilibrium is reached between the phases. 
The maximum sensitivity is achieved at equilibrium, but extraction can be 
performed under non-equilibrium conditions, for a defined period of time, 
providing a reproducible partition can be obtained, meaning that conditions 
must be consistent. Such techniques can be used for quantitative analysis as 
the amount extracted is directly proportional to the amount present in the 
sample, as illustrated by the equations given later in the section on direct 
static headspace. In most instances, particularly if a carefully selected internal 
standard is used, the actual recovery of the analyte from the matrix can be 
relatively low, provided adequate sensitivity can be achieved. 
1.5 Methods of analysis (review of current approaches to sample 
preparation) 
A number of different sample extraction techniques are available, each suited 
to a different analyte and matrix type. The next section gives a brief review of 
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the extraction techniques available for trace organic analysis, with examples 
relating to their applications in food analysis. 
Sample particle size can be an important parameter for reproducible results as 
the extent to which the matrix is broken up can influence the extraction rates. 
The analyte is desorbed from the matrix and dissolved into a solvent or fluid. 
Extraction of an analyte is therefore influenced by solubility, penetration of the 
sample by the solvent (mass transfer) and matrix effects [61]. Solid samples 
can usually be prepared by grinding directly or after drying, followed by 
solvent or liquid extraction (1.5.3.1). After most of these extraction methods 
the analytes of interest are obtained in an organic or aqueous solution, which 
then requires concentration or additional clean up. These extract solutions can 
then be treated as liquid samples (1.5.3). Liquid samples can be handled 
directly by solvent - solvent extraction methods (1.5.3.1) or sorption methods 
(1.5.4 and 1.5.5). However, some samples, such as animal or fish tissue and 
Similarly moist or wet solids, can cause special problems because of the bulk 
of the sample. Drying before extraction may not always be practical due to the 
presence of high proportions of fats, or due to the cells collapsing and hence 
retaining the analytes. Tissue matrices in particular cause problems, as they 
tend to clump preventing penetration by the extraction media. One answer 
has been to distribute the sample over a porous matrix, such as Hydromatrix, 
and then extract as a porous solid. However, this approach does require a 
large sample size. 
1.5.1 Matrix solid phase dispersion (MSPD) 
A particularly effective method of sample treatment is matrix solid phase 
dispersion (MSPD), first reported in 1989 [64]. The solid dispersion phase 
provides both a porous structure to enable the solvent to penetrate the matrix 
and extract the analytes, but can also have some functionality which can 
retain the faVlipids. The sample is mixed with a matrix, such as C18 bonded 
silica, sodium sulphate or Hydromatrix, followed by washing and elution with a 
small volume of solvent. This technique uses less solvent than liquid-liquid 
extraction and can eliminate the need for multiple extractions. A porous 
structure, such as diatomaceous earth (Extrelut), can be used to enhance the 
solvent extraction. Alternatively, the matrix can be mixed with a sorbent 
material and packed into a mini-column and analytes eluted - a technique 
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comparable with SPE (1.5.4). A layer of sorbent can be packed in the bottom 
of the column as a further 'clean-up' procedure to enable a more selective 
extraction. 
A review by Barker [65], in 2000, detailed a number of applications of MSPD 
to the analysis of residues and a later paper by Kristenson et al. [66] 
described recent advances. The use of MSPD in food analysis has been 
reported using sorbents, such as diatomaceous earth [67], silica, Florisil and 
C18 or C8 bonded silica [68]. Applications include the extraction of pesticide 
residues from fruit and vegetables [69], milk [70], muscle tissues [71] eggs 
[68] and fish [72]. It is often used for the removal of high molecular weight fats, 
as in the determination of pesticides in olives and olive oil described by Ferrer 
et al. [73] and the determination of chloramphenicol in muscle tissue by 
Kubala-Drincic et al. [71]. Blasco et al. [74] achieved good results for the 
analysis of pesticides in oranges. 
Although useful for the analysis of trace contaminants in food, particularly as 
an aid or alternative to liquid-liquid extraction or solid phase extraction, the 
technique is not easily automated and could be time consuming for a large 
number of samples. Although some MSPD extracts are clean enough for 
direct instrumental analysis, a further clean-up step is often required, 
particularly with fatty matrices. 
1.5.2 Extraction from solid matrices 
The techniques described in this section are generally used for extraction of 
organic compounds from solid matrices. Sample pre-treatment is often 
required for solid samples, including sieving, grinding and drying. Dispersion 
can be used to avoid the aggregation of sample particles and ensure good 
solvent penetration. Drying is particularly important when using non-polar 
solvents, as any moisture can reduce the extraction efficiency and desiccants, 
such as sodium sulphate, diatomaceous earth or cellulose can help overcome 
this. A number of methods have been developed for the extraction of samples 
that can be examined or analysed as powders or after absorption on a solid 
porous matrix. The analyte is desorbed from the matrix and dissolved into a 
solvent. Extraction of an analyte is therefore influenced by solubility, 
penetration of the solvent (mass transfer) and matrix effects [61]. 
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1.5.2.1 Soxhlet extraction 
Soxhlet extraction can be used for a variety of matrix types and is an 
exhaustive extraction technique applicable to analytes that are thermally 
stable, to allow for reflux in a boiling solvent (Figure 1.3). 
--...... , 1 (1) water out 
___ --+, 2 (2) Soxhlet condenser 
----+,. 
, . 
(3) water in 
The sample is placed in a porous cellulose thimble 
and inserted in the extraction chamber (4). The 
solvent is contained in a round bottom flask (5) and is 
heated by an electrical (or steam) heater (6). The 
solvent evaporates and moves into the condenser (2) 
where it is condensed back to liquid and moves into 
'\::----... ,. the extraction chamber (4). 
-;::::::::,;-----+1 • 
Figure 1.3 Soxhlet Extraction 
This technique although exhaustive is not selective and further clean up is 
necessary, such as SPE (1.5.4) and concentration is often required. Due to 
the temperatures involved Soxhlet extraction can degrade thermally labile 
compounds [75]. 
The time required is often long, typically 1-6 hours, and a significant volume of 
organic solvent (50-200 ml for a 10 g sample) is required. Automated Soxhlet 
extraction systems are available, that claim to greatly reduce extraction times 
and perform boiling, rinsing and solvent recovery automatically. Up to 6 
samples can be extracted simultaneously and lower volumes of solvent can 
be used. This technique has been reviewed by Luque de Castro and Garcia-
Ayuso [75], who included automated systems and a comparison to other 
techniques, and more recently by Sporring et al. [76], who compared 
techniques for the determination of PCBs in soil. Recent developments have 
included the use of focused microwave-assisted extraction [77] and ultrasonic 
extraction has been used to improve extraction efficiencies (1.5.2.5 and 
1.5.2.6). 
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Many applications of Soxhlet extraction are for environmental samples, such 
as soils, but it has been used for analysis of food, either analysis of fat content 
or as a preliminary extraction technique for fat soluble analytes followed by 
further clean-up [78, 79]. It has also been used for the extraction of 
antioxidants from herbs and spices [80]. In the area of taints, Soxhlet 
extraction has been used for analysis of TeA from corks [41]. 
1.5.2.2 Pressurised Liquid extract/on (PLE) 
Because often a large number of samples need to be analysed, methods to 
speed up the extraction process have been widely examined. Pressurised 
liquid extraction involves extraction with liquid solvents, but at elevated 
temperatures and pressures. Several other names have been used for this 
technique [81], including Accelerated Solvent Extraction (ASE®), pressurised 
fluid extraction (PFE), high-pressure solvent extraction (HPSE), high-pressure, 
high temperature solvent extraction (HPHTSE), pressurised hot solvent 
extraction (PHSE) and subcritical solvent extraction (SSE). When water is 
used as a solvent other names have also been used. As the use of water at 
higher temperatures has specific advantages, this is covered in 1.5.2.3 -
super-heated water extraction, but it is essentially a variant of PLE. 
All techniques utilise the decreased viscosity of solvents at higher 
temperatures to better solubilise the target analytes. The higher temperature 
can also assist in breaking down analyte-matrix interactions and encourage 
the diffusion of the analyte to the matrix surface. Under these conditions, 
solvents have enhanced solvation power and increased extraction rates. 
Rapid extraction rates are possible, compared to conventional techniques 
such as Soxhlet extraction. Generally existing Soxhlet methods can be easily 
converted to PLE methods and the same extraction solvent can be used. 
PLE can be performed in both static and dynamic (flow-through) modes, or a 
combination of both. In static mode, the sample is enclosed in a stainless steel 
vessel filled with an extraction solvent, and following extraction the remaining 
solvent is purged with N, into a collection vial. Flow-through systems 
continuously pump solvent through the sample, but this has the disadvantage 
of using larger volumes of solvent and of diluting the extract. A desiccant, 
such as sodium sulphate, diatomaceous earth or cellulose can be added 
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directly to the extraction cell or sorbent materials can be used to provide in-
situ clean up. The extraction conditions must be optimised and this can be 
done using statistical 'experimental design' procedures to minimise the 
number of experiments [82, 83]. 
Modifiers can be added to the extraction solvent, for example water modified 
with a surfactant (sodium dodecyl sulphate) was used to extract PAHs from 
fish tissues [84]. For lipid containing samples, further clean-up is usually 
required and Gomez-Ariza et al. [85], investigated the use of several sorbents 
and concluded that Florisil produced the cleanest extracts for their samples. 
An alternative approach is to perform a preliminary PLE with a non-polar 
solvent to eliminate the hydrophobic compounds prior to extraction of the 
analytes of interest (known as selective PLE). 
Carabias-Martinez et al. [81] reviewed the use of PLE for food and biological 
samples and gave details of several procedures for the analysis of matrix 
components in food and biological samples. PLE has been used as a sample 
preparation technique for the determination of organochlorine pesticides in 
fish [86] and animal feed [87]. Chuang et al. [88] investigated the use of ASE 
for the analysis of pesticides in baby food but observed matrix interferences 
due to the level of fat present in the samples. Although widely used as an 
initial extraction for solid samples, for trace analysis post-extraction 
procedures for analyte enrichment /concentration are often required. SPE (see 
Section 1.5.4) can be coupled to the extractor outlet to enable clean-up and 
concentration. Coupling of PLE to other clean-up steps was detailed by 
Luque-Garcfa and Luque de Castro for environmental samples [89], but has 
also been used for the determination of pesticides in foods [90]. Other food 
applications include the determination of ochratoxin A in bread [91], bisphenol 
A diglycidyl ether residues from canned food [92], organochlorine pesticides in 
vegetables [93] and persistent organic pollutants, such as polychlorinated 
biphenyls (PCSs) and dioxins [94]. 
1.5.2.3 Super-heated water extraction 
The use of water as the solvent for PLE can reduce or eliminate the use of 
organic solvents. This technique usually uses water in the condensed phase 
between 100°C and the critical point, and is generally referred to as super-
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heated water extraction (SHWE), but has also been called subcritical water 
extraction (SW E) , hot water extraction (HWE), pressurised hot water 
extraction (PHWE) or high temperature water extraction (H1WE). Super-
heated water extraction is cleaner, faster, cheaper and more environmentally 
friendly than conventional methods. 
Water as an extraction solvent is unique due to its high level of hydrogen 
bonding, giving it a high boiling point and high dielectric constant and polarity. 
As the temperature of water is increased (under pressure), the polarity 
decreases and therefore extraction becomes more selective. At 100-200 ·C, it 
can act as a medium/non-polar solvent. The useful temperatures and 
pressures of water are lower than the critical point of water in contrast to 
supercritical fluid extraction (SFE) with carbon dioxide (1.5.2.4). 
A review of the technique, including several applications was given by Smith 
in 2002 [95] and more recently in 2006 [96]. Most applications to date are for 
solid samples, such as soils, and include the determination of polycyclic 
aromatic hydrocarbons (PAHs), PCBs and pesticides. 
The main application for foods has been the extraction of essential oils, but 
the technique has also been used for pesticide analysis [95, 97-99]. For trace 
analysis in foods, further extraction or clean-up (such as liquid-liquid 
extraction, 1.5.3.1 or SPE, 1.5.4) is generally required to remove co-extracted 
interferences and enable the low level of analyte detection that is required. 
Control of pH can be used to enhance the extraction of selected analytes 
[100] and organic solvents can also be added to the water (solvent assisted 
superheated water extraction). Due to the high temperatures involved, the 
thermal stability of analytes must always be considered. The solubility of 
analytes on cooling can also be an issue, especially if there is a potential for 
precipitation to occur. 
The main disadvantage of SWE, particularly for trace analysis is that the 
extract obtained is a dilute aqueous solution. This means that a further 
concentration/extraction step is often required prior to analysis (such as liquid-
liquid extraction or solid phase extraction (SPE) - 1.5.3.1 and 1.5.4). To avoid 
additional clean-up, a trapping agent can be added to the extraction vessel, 
such as an SPE disc, which is then subsequently extracted. Commercial 
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pressurised solvent extraction systems can be used and it is possible to link 
SWE to LC, by trapping analytes onto a cartridge, prior to elution with mobile 
phase. Phase transfer catalysis can be used to enable in-situ derivatisation 
and concentration of the product into an organic solvent [101]. 
1.5.2.4 Supercritlcal Fluid extraction (SFE) 
Above a certain temperature (critical temperature), a vapour can no longer be 
liquefied, regardless of pressure. In this state the phase is known as a 
supercritical fluid (Figure 1.4). The choice of a supercritical fluid as an 
extraction solvent (usually CO2) allows for a more selective extraction, and 
provides faster reaction kinetics than most liquids, due to higher diffusion 
coefficients and lower viscosities. 
Solid 
Liquid 
Supercritical 
fluid 
"""'''''''--'--' .................... -- ..... --.--..• ------------\ 
Triple point 
Critical point 
Gas 
303 
Temperature (K) 
Figure 1.4 Phase Diagram (for pure carbon dioxide) 
(Adapted from online version University of Leeds www.chem.feeds.ac.uk! 
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The solvation power of the fluid can be manipulated by changing pressure 
and/or temperature and by adding modifiers. Modifiers can act in three ways-
they can help to increase the solubility of the analytes in the supercritical fluid, 
they can facilitate analyte desorption, or they can distort the matrix (e.g. swell 
the matrix to increase analyte diffusion and penetration by the supercritical 
fluid). It should be noted however, that the addition of other solvents, such as 
methanol, to the supercritical fluid can detract from the selectivity and lead to 
more co-extractants. The extraction is controlled by solubility and diffusion, 
and to obtain complete reproducible extraction, sometimes requires a 
compromise on selectivity [1 02-104]. 
As well as a reduction in the use of organic solvents, carbon dioxide has the 
advantage that it is inexpensive, non-flammable and environmentally friendly. 
However, for trace analysis, a high-purity SFE grade of CO, can be required, 
unless in-house purification schemes are adopted [105, 106]. A major 
advantage is that the 'solvent' (supercritical fluid) is easily removed from the 
sample matrix after extraction by reducing the pressure. 
SFE works best for finely powdered solids with good permeability, such as 
soils and dried plant materials, and the extraction of wet or liquid samples and 
solutions can be difficult. Lipid-type compounds are frequently extracted along 
with the analytes of interest, and one of the main application for SFE in foods 
is the extraction of lipids and the determination of fat content of raw and 
processed foods [107]. A review of the technique, including instrumentation 
available and several applications was given by Smith in 1999 [103] and more 
recently by King [108]. 
One of the main problems with SFE is the robustness of the method 
compared to other techniques and conditions must be consistent for 
reproducible extractions. Instrumentation is available to allow for unattended 
operation, mUlti-sample capability and a number of options for analyte 
collection. SFE can be performed using both a static and dynamic modes of 
extraction. In the static mode the sample is held in a vessel with the extraction 
fluid for a predetermined time. In dynamic extraction the fluid is passed 
continuously through the sample matrix, and quantitative or complete 
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extraction can be achieved. One disadvantage, however is that commercial 
instruments typically only allow for a sample size of 1-10 g. 
The automated systems that are available are aimed mainly at the 
environmental area, rather than trace analysis in foods. The presence of water 
and fat in food samples can require extensive sample preparation and the 
development of more on-line clean-up procedures for SFE should enable 
further applications for food analysis to be developed. For example, sorbents 
such as alumina, Florisil and silica, can be placed in the extraction cell, or 
used as a clean-up following extraction to increase selectivity. Sorbents in the 
extraction cell can also be used for 'inverse' SFE extraction, in which 
interfering compounds are removed by a weak supercritical extraction fluid, 
leaving the analyte trapped on the sorbent for subsequent extraction under 
stronger conditions [109]. 
Several food applications were detailed in the review by Zougagh et al. [104], 
and examples include the extraction of pesticides from plants [110] and honey 
[111], and the determination of PAHs in vegetable oil [112]. Chuang et al. 
investigated the use of SFE for analysis of pesticides in baby food [88], but 
were unable to obtain quantitative recoveries using this technique. 
Supercritical fluid extraction has been used for 2,4,6-trichloroanisole (TCA) in 
cork [40] and androsterone and skatole in pigs [113]. The use of SFE for food 
analysis was also reviewed by Anklam et al. [102]. 
1.5.2.5 Microwave assisted extraction (MAE) 
Microwave assisted extraction (MAE) and also ultrasonic extraction (1.5.2.6) 
can be used to enhance the extraction efficiency of solvent extractions. MAE 
agitates and heats the sample during extraction, and this method is 
particularly good for achieving efficient extraction from solid samples. It is only 
applicable to thermally stable compounds due to the increase in temperature 
during extraction. As non-polar solvents do not absorb microwave energy, at 
least some polar solvent, such as water, must be used. The main applications 
of MAE are as an alternative to Soxhlet extraction because good extraction 
efficiencies can be achieved using less solvent and shorter extraction times. A 
comparison of the two techniques for the determination of organochlorine 
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pesticides (OCPs) in sediment and mallow powder reference material by 
Gfrerer and Lankmayr [114], gave good agreement. Microwave extraction 
has also been used to extract OCPs, PCBs and PAHs that were sampled 
using a semi-permeable membrane device [115]. It has been shown to 
significantly reduce both the time and amount of solvent used, compared to 
dialysis [115]. 
Most publications to date have been for environmental applications, although 
Hermo et al. [116] investigated the use of microwave extraction techniques for 
the determination of quinolone residues in pig muscle. As with Soxhlet 
extraction, further extraction or clean-up steps such as SPE are generally 
required, particularly for the determination of trace contaminants. The analysis 
of trichloroanisole from corks using microwave extraction has been reported 
[117,118]. 
1.5.2.6 Ultrasonic extract/on (USE) 
In a similar way to microwave assisted extraction, ultrasonication can be used 
to enhance extraction. The solvent type or mixture can be selected to obtain 
maximum extraction efficiency and required selectivity. Several extractions 
can be perfonmed simultaneously and as no specialised laboratory equipment 
is required the technique is relatively inexpensive compared to most modern 
extraction methods. One disadvantage of USE is that it is not easily 
automated and as with microwave extraction it is not suitable for volatile 
analytes. The presence of water in USE generally decreases extraction 
efficiency and some sample preparation is usually required. 
Ruiz-Jimenez et al. [119], used a dynamic ultrasound-assisted ex1raction 
technique for the analysis of trans-fatty acids in bakery products and Rezic et 
al. [120], used ultrasonic solvent extraction and thin-layer chromatography for 
the determination of pesticides in honey. Kimbaris et al. [121] performed a 
comparison of distillation and ultrasound-assisted extraction methods for the 
isolation of aroma compounds from garlic. Other food applications include the 
extraction of phenolic compounds from strawberries [122], using simultaneous 
extraction and hydrolysis, followed by HPLC. In this example no further clean 
up (other than filtering) was required. 
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However, as both selectivity and sample enrichment capabilities are limited, 
further clean-up and/or concentration steps are usually required for the 
determination of trace analytes in foods. 
1.5.2.7 Thermal desorption 
Volatile or semi-volatile analytes from solid or liquid samples can be released 
by direct thermal desorption. The sample is deposited onto glass wool (liquid) 
or placed directly into a glass desorption tube which is then connected directly 
to a GC. It is often used as a final step of an extraction technique, such as 
SPME (1.5.5.1), to transfer the analytes to the GC. A general overview of 
thermal desorption and direct thermal extraction techniques was given by 
Butrym in 1999 [123]. Applications include profiling volatile components of dry 
solid samples, such as plants [124] or oak wood [125]. Pfannkoch and 
Whitecavage [126] more recently compared the sensitivities of static 
headspace GC, SPME and direct thermal desorption for the analysis of 
volatiles in solid matrices, including herbs and coffee. Traps can be used as 
passive sampling devices, particularly for air monitoring and then thermally 
desorbed directly in GC-MS for analysis [127]. 
To obtain good extraction efficiencies, high temperatures are often required 
and this leads to possible risks of degradation unintentional formation or 
oxidation. Automated thermal desorption systems that can be connected 
directly to GC-MS systems allow for unattended analysis. Valero et al. [128] 
used direct thermal desorption for the analysis of volatiles in cheese. Cavalli et 
al. [129], who looked at the analysis of olive oil, concluded that this technique 
is more suited to extraction of semi-volatile components from the oil. Solution 
thermal desorption using superheated water was used by Tajuddin and Smith 
[130] for herbicide analysis by HPLC. 
Samples that contain significant levels of water, can cause problems with 
direct thermal desorption for GC analysis. The water can accumulate and 
freeze in the inlet if cryotrapping is used and if water is introduced into the GC, 
chromatographiC performance is affected. Offline trapping onto adsorbents 
such as Tenax or the introduction of drying steps into the thermal desorption 
process can be used to try and overcome this problem. Unless selective 
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adsorbents are used, the only selectivity in thermal desorption is based on 
volatility. Although the technique can be used for food and beverage 
component analysis, quantitative trace level contaminant analysis without 
some prior off-line sample preparation would be difficult. 
1.5_3 Extractions of liquid samples 
Most extraction methods for liquids are based on partitioning into an 
immiscible extracting phase and can also be used for sample extracts 
obtained from the extraction of solids (1.5.2). 
1.5_3_1 Solvent extraction (liquid-liquid extraction) 
Analytes in solution or liquid samples can be extracted by direct partitioning 
with an immiscible solvent. Liquid-liquid extraction is based on the relative 
solubility of an analyte in two immiscible phases and is governed by the 
equilibrium distribution/partition coefficient (K). Extraction of an analyte is 
achieved by the differences in solubilising power (polarity) of the two 
immiscible liquid phases. 
Liquid-liquid extraction is traditionally one of the most common methods of 
extraction, particularly for organic compounds from aqueous matrices. 
Typically a separating funnel is used and the two immiscible phases are mixed 
by shaking and then allowed to separate. To avoid emulsions, in some cases, 
salt may be added and centrifugation can be used if necessary. Alternatively 
an MSPD approach (1.5.1) can be used to avoid emulsions. Either layer can 
be collected for further analysis. To ensure the complete extraction of an 
analyte into the required phase, repeat extractions may be necessary. The 
major disadvantage of bulk liquid-liquid extraction is the need for large 
volumes of organic solvents. Also, due to the limited selectivity, particularly for 
trace level analysis, there is a need for clean-up or analyte 
enrichmenVconcentration steps prior to instrumental analysis. 
Some methods have been reported for taints and off-flavours in foods that use 
direct solvent extraction. Indole and skatole have been associated with a taint 
in meat from male pigs and methods using direct solvent extraction, followed 
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by HPLC, have been reported [131]. In this example, fluorescence detection 
provided selectivity, but generally further clean-up stages are required. By 
performing several liquid-liquid partitions, and using pH adjustment it is 
possible to obtain a fraction containing the problem odour, but for complex 
matrices, such as foods, several matrix components may still be present, 
making accurate identification and quantitation difficult. Solvent extraction has 
been used for the analysis of chlorophenols and chloroanisoles in cork [41] 
and tribromoanisole in wine [6]. 
Solvent extraction methods generally require a subsequent concentration of 
the solvent by rotary evaporation or the use of solid phase extraction (SPE), 
but this can lead to a loss of analy1es [42, 51]. In all the methods a 
concentration step using a rotary evaporator and then drying under a nitrogen 
flow was necessary. Procedures using SPE as a clean-up step can be 
developed if sensory analysis can provide clues to the target compounds. 
SPE methods have been reported for chloroanisoles [43, 52] and for both 
chloroanisoles, and chlorophenols with derivatisation [132]. However, for true 
unknowns, isolation from matrix components and concentration can be a 
challenge. Therefore, direct solvent extraction is generally only used for taint 
analysis when the compound responsible for the taint is known and is present 
at a relatively high concentration. 
Steam distillation extraction (SDE) 
To avoid repeat extractions, continuous extraction techniques have been 
developed which enable multiple extractions to be performed simultaneously. 
One such technique is Likens Nickerson extraction [133], which involves the 
co-distillation of the sample between two solvents (sometimes known as SDE 
- a combination of steam distillation and solvent extraction). Various 
modifications of the apparatus (illustrated in Figure 1.5) have been made and 
were detailed by Maarse in relation to the extraction of food taints and off-
flavours [134]. 
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cooling water 
ether 
sa mple + water 
HEAT 
Figure 1.5 Likens Nickerson apparatus 
Water containing the sample is boiled in one flask while the extracting solvent 
(often diethyl ether) is boiled in another. The vapours mix in a central chamber 
and over a period of time, the volatile compounds are extracted into the 
solvent. The immiscible condensates are returned back to their respective 
flasks and because the volatilisation of the solvent, followed by condensation 
extraction and return, are continuous, a minimal amount of solvent can be 
used. A concentration step is often sti ll requ ired for trace analysis. A review of 
the technique was given by Chaintreau in 2001 [135]. 
Large sample sizes can be used and as this technique extracts the vo latile 
components it is often used in flavou r or taint analysis [1 36] and has been 
reported for the analysis of TeA in wines [1 37]. SDE can avoid the extraction 
of major matrix components as described in a study on odour-active 
compounds in packaging. The use of SDE was required to enable the 
identification of compounds following spectral interferences from high 
concentration of hydrocarbons using other techniques [1 38]. 
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In particular, when coupled to a sensitive detection systems, such as a high 
resolut ion mass spectrometer, Likens Nickerson can serve as a useful 
technique for ultra trace level analysis (sub ~g kg", ppb) of food tainting 
compounds, many of which have very low sensory thresholds [139] . Aung et 
al. [140] extracted chloroanisoles from raisins and more recently, Serra 
Bonvehi [1 41] looked at the aromatic compounds in roasted cocoa powder. 
Microscale simultaneous disti llation-extraction was described by Caven-
Quantrill and Buglass [142] for the determination of volatile organic 
constituents of grape juice. Recoveries can vary with the nature of the sample 
and analy1e, but can be improved for basic or acidic compounds by adjusting 
the pH of the aqueous mixture. For example, in the analysis of crustaceans for 
2,6-dibromophenol [20], adjustment of the sample/water pH to 2 with sulphuric 
acid, forced the analy1e into its free acid state, thereby increasing its volatility 
and improving the extraction efficiency. 
Vacuum SDE can be used at lower temperatures to reduce artefact formation, 
although a relatively non-volatile solvent must be used to avoid losses during 
extraction [139]. Steam distillation extraction using apparatus such as Likens 
Nickerson, is a technique frequently used in taint analysis. It has the 
advantage that it can be used for a wide variety of food matrices and 
produces a clean extract of volatile components . Large sample sizes can be 
taken and with the inclusion of a concentration step excellent sensitivity is 
achievable (sub ~g kg-' (ppb) levels). The disadvantages of this technique 
include the extraction time (which is typically over an hour) and the need for 
specialist glassware. The possibil ity of cross contamination and losses during 
the concentration step should also be considered. 
Microwave assisted steam distillation has also been employed for tainting 
compounds, such as the extraction of geosmin and methylisoborneol from 
catfish [143, 144] and chlorophenols from solid samples, such as soil and 
wood [145]. 
1.5.3.2 Miniaturised liquid-liquid extraction techniques 
The need to reduce solvent usage has lead to microextraction techniques, 
such as liquid phase microextraction (LPME). This is essentially miniaturised 
liquid-liquid extraction, in which the analy1e partitions between the bulk 
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aqueous phase and a very small volume of organic solvent. This technique 
was first introduced in 1996 [146] and was subsequently reviewed by Wood et 
al. [147]. Recent developments using only a single droplet of solvent, which is 
suspended at the tip of a needle and exposed to the sample solution, have 
been termed single-drop microextract ion (SDME). The extract ion can be 
performed in different modes, including static, dynamic, hollow fibre based 
(covered in Section 1.5.3.4) and headspace LPME (covered in Section 
1.5.6.2). Alternatively a three phase system can be used where the analytes 
are extracted 'through' a thin layer of organic solvent into an aqueous droplet 
at the tip of a microsyringe [148, 149]. Most applications to date have been for 
water or environmental samples, where the technique has shown detection 
limits comparable to traditional liquid-liqu id extraction [150]. An excellent 
review of LPME and a comparison with SBSE and SPME was given in a 
paper by Psillakis and Kalogerakis [151]. 
Although the method has potential for liquid samples, food applications are 
limited but Zhao et al. [152] recently reported a single-drop microextraction 
method for the analysis of organophosphorus pesticides in orange ju ice. The 
juice was centrifuged and diluted with water prior to extraction. 
A recent variation of LPME termed dispersive liquid-liquid microextraction 
(DLLME) was described by Rezaee et al. [153] which is similar to a technique 
called cloud point extraction. In their method, a mixture of an extraction 
solvent (tetrachloroethylene) and dispersion solvent (acetone) were injected 
into an aqueous sample. The mixture was centrifuged and the fine droplets of 
the extraction phase sedimented in the bottom of the vessel. Currently this 
technique has only been applied to water samples and an initial extraction 
and/or further clean-up would be needed for food analysis. 
1.5.3.3 Membrane extraction - dialysis 
Analytes in aqueous liquid samples can be selectively extracted by being 
transferred into a second, usually organic solvent, by use of a porous or non· 
porous membrane. With the use of only small amounts of organic collecting 
solvent, membrane extraction can provide very high concentration factors. 
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For porous membranes, separation is generally based on size exclusion, and 
for ion exchange membranes, on size and charge. Non-porous membranes 
involve true 'extraction', in which the analyte must actually dissolve in a liquid 
or polymer film to pass through. In this case, separation is based on the 
partition coefficients of the analyte between phases. 
The simplest type of membrane extraction involves an aqueous phase and an 
organic phase, as with direct liquid-liquid extraction. The two phases are 
separated by a microporous hydrophobic membrane, with the organic phase 
occupying the pores of the membrane to provide an interface between the 
phases. Inert polymeric membranes can also be used, made from 
polyethylene or silicon rubber. Dialysis separation is based on diffusion due to 
molecular size and other membranes can also be used for filtration. 
When a membrane is used as a selective filter, the concentration gradient 
often determines the analyte migration. As the analyte is 'removed' from the 
receiving phase and the concentration decreases, more analyte is 
encouraged to migrate to that phase. The removal of an analyte from a 
receiving phase can be achieved in a number of ways, including ionisation by 
use of buffers, complexation, and derivatisation. The flow rates on either side 
of the membrane can also be optimised for a particu lar application. A high 
degree of selectivity can be achieved with the use of only smal l amounts of 
organic solvent providing very high concentration factors. 
Partition coefficients are key to any liquid-liquid extraction technique (1.5.3. 1). 
Chimuka et al. [154] discussed the implications of octanol-water partition 
coefficients (Kow values) on the extraction efficiency of supported liquid 
membranes (SLM). They concluded that SLM works best for compounds with 
medium hydrophobicity (log Kow in the range 2-4) , although they noted that 
modifications can be made for other types of analyte. However, in order to 
achieve large enrichment factors, longer extraction times are necessary. 
The most versatile membrane extraction technique is a three-phase system, 
where analytes are extracted from one aqueous phase into another through 
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an organic phase supported by a porous hydrophobic membrane [1 55J. As 
this involves two different equi libria, the se lectivity of extraction is increased 
and the applications of this technique for on-line sample preparation have 
been reviewed by Van der Merbel et al. [156J, Cordero et al. [157J, and 
J6nssen and Mathiasson [1 58J. According to Chimuka et al. [154J this method 
is most suited to analytes with high or moderate polarity and is particularly 
useful when size or charge can be used to achieve selection. It has been 
applied to the determination of triazines in vegetable oils [1 59J, vitamin E in 
butter [160], vanillin in sugar and chocolates [155J and pesticide residues in 
eggs [161J. 
In food analysis, dialysis membranes are also used to separate high molecular 
weight species from salts/Iow molecular weight components in relatively 
homogenous liquid samples e.g. desalting of protein extracts. Liqu id samples, 
such as milk, can be directly dialysed, but solid samples requ ire an initial 
dilution and homogenisation step. Surfactants or displacers can be added to 
the sample solution in order to minimise unwanted interactions with the 
membrane material. Several examples of the use of dialysis in food analysis 
are given in a review paper by Buldini, Ricci and Sharma [162J . Applications 
include the determination of tetracyclines in eggs [163J, amino acids in wine 
and fruit juice [1 64J and fluoroquinolone antimicrobials in chicken liver [1 65J. 
Several review papers have been published. Van der merbel et al. [156J 
reviewed the use of membranes fo r on-line sample prep; Cordero et al. [157J 
reviewed analytical applications of membrane extraction in chromatography 
and electrophoresis; whereas J6nssen and Mathiasson [1 58J compared 
membrane techniques for sample enrichment. A range of applications, 
including several for food contaminants, are given in J6nsson and 
Mathiasson's article on 'membrane extraction for sample preparation' [1 66J. 
Examples include pesticide determination in eggs and herbicides from cooking 
oils. 
Currently, for trace contaminants in foods, direct applications of membrane 
separations are limited and automation is difficu lt. An extension of the 
supported liquid membrane extraction principle to solid and semisolid samples 
[167J may further extend the scope of this technique. Most membrane 
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extraction/dialysis applications for food analysis require further clean-up, 
dilution or derivatisation steps. 
1.5.3.4 Hollow fibre membrane extraction 
Instead of a planar membrane, a porous hollow fibre membrane can be used 
to support the organ ic solvent during extraction from the aqueous sample 
[168J and this approach has been reviewed by Rasmussen and Pedersen-
Bjergaard [169J. The fibre allows the use of vigorous stirring or agitation 
without loss of the microextract (as can occur in droplet LPME) and as a fresh 
hollow fibre can be used for each extraction, no carry·over is observed. The 
hollow fibre, due to the pores in its walls, also shows some selectivity, 
preventing the extraction of higher molecular weight materials. Th is technique 
has been referred to as hollow fibre protected liquid phase microextraction 
(HF·LPME). 
HF-LPME can be carried out in a static or dynamic mode. The latter gives 
shorter extraction times, but is not easily automated and must be carefu lly 
optimised and controlled. A study [170J has looked at its application to 'dirty' 
samples, such as soil slurries and most applications to date have been for 
environmental or human samples. Food applications are limited although 
LPME using a hollow fibre membrane was used for the determination of 
ochratoxin A in wine [171 J. The technique has also been applied to human 
breast milk [172J and bovine milk [173J but centrifugation of the samples prior 
to extraction was necessary to improve analyte extractability. Low recoveries 
were obtained due to strong analyte interaction with the matrix. 
1.5.4 Solid phase extraction 
Solid phase extraction involves a liquid-solid partition, where the extracting 
phase is a solid sorbent. It involves the partition of the analytes between the 
solid sorbent and the sample matrix (liquid phase). To enable extraction, the 
affinity of the analytes for the solid phase must be greater than for the sample 
matrix. It is designed to be an exhaustive technique like liquid· liquid extraction. 
As complete extraction is the aim, it is not a true 'equilibrium' procedure [61], 
unlike related techniques, such as SPME and SBSE, described later (1.5.5) . 
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The technique has been used extensively to remove and concentrate trace 
organic materials from liquid samples or solutions. Matrices can be non-polar 
or aqueous and good concentration factors can be achieved. The sorption 
process must be reversible. Separation depends on the different relative 
affinities for the two phases based on adsorption, size or charge (polarity) . 
The sample is loaded onto a column or cartridge filled with the required 
amount of sorbent and eluted with a suitable solvent, leaving the interferences 
on the column (Figure 1.6). 
Step 1 
Conditioning 
Step 2 
Retention 
Step 3 
Rinsing 
Step 4 
Elution 
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Figure 1.6 Schematic of SPE procedure 
Step 1 Solvation of the sorbent to enable interaction with the sample 
Step 2 Sample is applied and the analyte (A) and some interferences (B, 
C and D) adsorb to the solid surface 
Step 3 Selective washing to remove matrix interferences / unwanted 
compounds 
Step 4 Selective desorption and collection of analy1es for analysis 
Selectivity can be changed by adjusting pH, solvent composition and surface 
chemistry of the sorbent material. 
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A choice of sorbents are available using different mechanisms for 
extraction/retention of analytes. A comprehensive review, covering trends, 
method development, coupling with liqu id chromatography, and all types of 
SPE sorbent was published by Hennion in 1999 [1 74] and some examples of 
the use of SPE in food analysis were given in a review in 2002 [162]. A 
change in pH can be used to enable extraction, as illustrated by Molins-Legua 
and Campins [175] for amines. and by Li et al. [176] in a multi-class method 
for the analysis of veterinary drug residues in shrimp. 
A wide range of sorbents have been used including C8 and C18 bonded 
phases on silica, polymeric resins (polystyrene/divinyl benzene copolymer) , 
Florosil (activated magnesium silicate). and polar sorbents, such as alumina, 
charcoal, silica and cyano and amino-bonded silicas. Ionic functional groups, 
such as carboxylic acid or amino groups, can also be bonded to si lica or 
polymeric sorbents to create ion-exchange sorbents. Mixed-mode sorbents 
are also avai lable that use both the primary and secondary mechanisms for 
selective retention of analytes and some very specific selective sorbents have 
been designed (see 1.5.4. 1). These different phases enable interactions 
based on adsorption, H-bonding, polar and non-polar interactions, cation , 
anion exchange or size exclusion to be utilised. 
The use of the optimum SPE cartridge can have significant effects on 
recoveries as shown by Posyniak et al. [177] for the determ ination of 
fluoroquinolone residues in an imal tissues, and Toribio et al. [178, 179] for 
heterocyclic amines from a lyophilised meat extract. The extensive clean-up 
used for the determination of dioxins and PCBs [180] enables determination 
down to part per trillion levels as required by EU legislation [181] . Similarly 
methods for the determination of polybrominated diphenylethers [182] utilised 
clean-up with silica and alumina columns following Soxhlet extraction. 
One of the drawbacks of SPE is that the packing must be uniform to avoid 
poor efficiency and although the pre-packed commercial cartridges are now 
considered rel iable, automated systems can have difficu lties with 
reproducibility for some sample types. The sample matrix can also affect the 
ability of the sorbent to 'extract' the analyte due to competition for retention. 
Many traditional sorbents are limited in terms of selectivity and insufficient 
retention of very polar compounds can also be a problem . The use of 
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hydrophilic materials for the improved extraction of the most polar compounds 
by SPE was detailed by Fontanals et al. [1 83] and a number of selective 
sorbents have also been developed (1.5.4.1). 
SPE can be used for a wide range of analytes and matrices, including 
numerous applications for the determination of trace contaminants in foods. In 
most cases, and particularly for solid or semi-solid foods, an in itial extraction 
step is requ ired prior to clean-up/exlraction/concentration by SPE. 
1.5.4.1 Selective sorbents in SPE 
Restricted access media (RAM) 
One group of selective sorbents for SPE are restricted access media [184] . 
These sorbents were developed particularly for the analysis of biological 
samples, such as plasma and serum, as they are designed to exclude 
macromolecules, such as proteins. They combine size exclusion of proteins 
and other high molecular mass matrix components with the simultaneous 
enrichment of low molecular mass analytes at the inner pore surface. 
Macromolecules are excluded either by a physical barrier (pore diameter) or 
by a chemical diffusion barrier created by a protein network at the outer 
surface of the particle. The interaction sites within the pores are accessible to 
smal l molecules only and analytes are retained by conventional retention 
mechanisms such as hydrophobic or electrostatic interactions. Various RAM 
sorbents are available with different surface chemistries [185] , one of the most 
common being alkyl-diol-si lica (ADS). 
Several applications are given in a review by Souverain et al. [185] . 
Applicat ions include the direct analysis of pharmaceuticals in milk [186] and 
tissue [187], both using column-switching with HPLC for on-line 
extraction/clean-up. 
Immuno-sorbents 
A highly selective immuno-sorbent, wh ich is particularly suited to complex 
biological and environmental samples, can be developed by employing the 
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ant igen-antibody molecular recognition specificity of antibodies [188] . 
Immuno-sorbents can be designed for a sing le analyte [174] or antibodies, 
which bind to related analytes with similar structures to the antigen (known as 
cross reactivity) , can be utilised to develop class-selective sorbents. 
One of the major disadvantages of this technique is the need to initially 
develop the antibody, which makes it impractical for 'one off' analyses. The 
analyte-antibody interaction can also be affected by the sample matrix, 
leading to low extraction recoveries. A review by Hennion and Pichon [1 89], 
describes immuno-based extraction sorbents and also the use of artificial 
antibodies (MIPS - see below). Most applications are for biological or 
environmental samples, but food examples include the determ ination of 
pesticides (imazalil and phenylurea herbicides) in fruit juices [190, 191]. 
Methods for the analysis of mycotoxins are now commercially available and 
methods have been developed and accepted as valid [192] . Immunosorbents 
have also been developed for some veterinary drugs, such as 
fluoroquinolones [193] or corticosteroids [194] . 
Molecularly imprinted Polymers (MIPS) 
Rather than being dependent on antibody production, attempts have been 
made to mimic the specificity of immunological products with synthetic 
molecularly imprinted polymers. Although retention of analytes on the sorbent 
is due to shape recognition in the cavities or imprints, other physicochemical 
properties, such as hydrogen-bonding and hydrophobic interactions are also 
important [174, 195]. Due to the nature of their selectivity, once developed, 
MIPS can often be used for a number of matrices, even though the interaction 
may be different. 
MIP-SPE sorbents also allow for large sample volumes to be used, due to 
their selectivity. They can be heated and are stable in both organic solvents 
and strong acids and bases. However, custom made products must be made 
for each analyte and stringent cleaning of the sorbent, prior to trace analysis is 
necessary to remove the analyte, which had been used as a template. To 
avoid this 'carry-over', structural analogues of the analyte that can 
subsequently be separated by chromatography can be used to produce the 
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sorbent cavity [196, 197]. Stable isotope labelled compounds have also been 
used as template molecules for MIPS [198]. 
As often the selective interactions occur in the organic solvent in which the 
template was prepared, they do not work as well in water - or for samples 
containing a substantial amount of water. However, it is possible to overcome 
this, either by initially retaining the sample by non-selective interactions then 
washing with organic solvent to trap the analyte using selective binding or 
alternatively, by transferring the sample and analytes into an organic solvent 
prior to MIP-SPE [199] . MIP-SPE can be used both on-line and off-line. In 
HPLC, the MIP can be packed in a cartridge and used as an on-line system 
via column switching, prior to analysis [200, 201 ]. Haginaka [202] has 
discussed affinity methods in solid phase extraction, comparing 
immunosorbents and MIPS and noting the different selectivity for structurally 
related analogues. 
MIPS have been used as selective sorbents for a range of analytes and 
matrices [196, 197, 203]. Food applications to date are limited, but include the 
determination of triazines in liver [204] and nicotine in chewing gum [205]. As 
discussed SPE is a useful clean-up technique for food analysis, but usually 
requires an initial extraction step. Selective sorbents in SPE are a useful tool 
for both selective and sensitive analysis of trace contaminants in complex 
matrices such as foods. However, the time taken to develop and produce such 
sorbents is the rate limiting step for new and emerging contaminants. 
1.5.5 Sorptive extraction techniques 
Sorptive extraction techniques are based on the distribution equilibria between 
the sample matrix and a non-miscible liquid phase. Matrices are mostly 
aqueous and the non-miscible phase (e.g. polyd imethylsiloxane, PDMS) is 
often coated onto a solid support. Analytes are 'extracted' from the matrix into 
the non-miscible 'extracting ' phase. 
Unlike adsorpt ion techniques (such as SPE), where the analytes are bound to 
active sites on the surface, the total volume of extraction phase is important. 
For supported liquid coatings, the analytes partition into the extracting phase 
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and the diffusion coefficient in the liquid phase allows penetration of the 
molecu les into the whole volume of coating. In contrast for solid sorbents, 
where the structure is defined, sorption occurs only on the porous surface of 
the coating. This also means that only a limited surface is available and a 
competition effect can occur, where compounds wi th poor affinity can be 
displaced by those wi th stronger bind ing or those present in high 
concentration in the matrix. The 'bulk' phase in liquid coatings is generally 
only modified when the amount extracted becomes a substantial portion (a 
few %) of the extracting phase. 
For pure liqu id extracting phases, extraction of analytes depends on the 
partitioning coefficient of solutes between the phases. The octanol-water 
distribution coefficient (K;,w) can be used as an indication as to how well a 
given analyte wi ll be extracted (Figure 1.7) . 
Recovery for solutes in function of the octanol-water partitioning 
coefficient K"", for SPME (10 mL sample. lOO I'm polydimethylsiloxane fibre) 
and for stir-bar sorptive extraction (la mL sample. ID mm x 0.5 mm 
polydimethylsiloxane-coated stir bar) 
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Figure 1.7 Recovery vs Kow for SBSE and SPME (Image from LC-GC Europe [206]) 
Theoretical recoveries can be calculated using software programmes (based 
on log K;,w calculators such as the ACD/Log 0 suite avai lable from Advanced 
Chemistry Development) . 
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Sorptive extraction methods have been reviewed by Baltussen et al. [207] and 
different sorptive extraction techniques have been compared by Alves et al. 
[208] for the characterisation of the aroma profile of Maderia wine. Th is study 
illustrated the different profiles that can be obtained using the different 
techniques. 
1.5.5.1 Solid phase microextraction (SPME) 
Solid phase microextraction (SPME) is a solvent free sample preparation 
technique that uses a fused si lica fibre coated with an appropriate stationary 
phase attached to a modified microsyringe. It was orig inally developed by 
Arthur and Pawliszyn et al. [209] in 1990 and subsequently a number of books 
have been written on the technique [210·212]. 
SPME is essentially a two step process. Firstly the partitioning of analytes 
between the sample matrix, which can be a liquid sample or headspace 
vapour, and the fibre coating followed by the desorption of the (concentrated) 
extract from the fi bre into the analytical instrument, usually a GC, where the 
sample components are thermally desorbed. The fibre can also be extracted 
(desorbed) into an HPLC eluent using a static or dynamic mode and several 
commercial interfaces are available [213, 214]. However, for HPLC 
automation, in-tube SPME devices are generally more suitable. 
Fibre coatings can generally be classified into two groups; pure liquid polymer 
coatings, such as PDMS (polydimethylsiloxane) and PA (polyacrylate) and 
mixed-fi lms containing liquid polymers and solid part icles, such as Carboxen-
PDMS and divinylbenzene-PDMS. Mixed films combine the absorption 
propert ies of the liquid polymer with the adsorpt ion propert ies of the porous 
partic les. PDMS (polydimethylsiloxane) is strongly hydrophobic and is best 
suited to aqueous samples and analysis of non-polar analytes (such as 
vo latile flavour compounds), but can be used for more polar analytes with 
optimisation of conditions. Polyacrylate and carbowax-divinylbenzene (CW-
DVB) are best for more polar analytes, such as phenols or alcohols. Carboxen 
acts as a carbon molecular sieve and used in combination with PDMS (CAR-
PDMS) is best suited to low molecular weight polar analytes. CAR-PDMS is 
generally better than PDMS, but can give poor reproducibility and take longer 
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to equilibrate. Divinylbenzene (DVB) is a solid polymer, with slightly larger 
pores than carboxen and in combination with PDMS is best suited to semi-
polar analytes. Fibres can be chosen to suit the analyte properties, a 
PDMS/DVB fibre has been reported to give the best sensitivity for 
chloroanisoles [215], and was also chosen for the determination of geosmin 
and 2-methylisoborneol [216]. Further developments of new coating materials 
include affinity coatings for target analytes and chiral coatings for optically 
active analytes. 
PDMS is a commonly used phase as it has generic selectivity for many types 
of non-polar analytes. Fibres can be re-used and manufacturers claim that 
under most conditions fibres can provide 50 to 100 extractions [217] . Mixed 
phases generally have a more limited lifetime. The fibres can be fragile and 
can either be broken or the coating can be damaged during injection or 
agitation. A recent development is that of 'superelastic SPME' [218] where the 
fibre is a metal alloy with elastic properties and can be coated with 
PDMS/DVB, Carboxen/PDMS and DVB/carboxen-PDMS as well as PDMS 
[219] . This improves the robustness and overcomes problems with the 
breaking of fibres due to misalignment with injection ports or in viscous 
matrices. 
Generally SPME extraction of the analyte from the matrix does not provide 
exhaustive extraction but is an equilibrium technique. The maximum sensitivity 
is obtained at the equilibrium point. However, it is not necessary to reach th is 
point and the extractions can instead be performed for a defined period of 
time [220] . The extraction temperature, time and sample agitation must be 
optimised for each application [217] and the operating conditions must be 
consistent. Another issue with SPME is the limited volume of stationary phase 
that can be bound to the fibre, which also may lead to incomplete extraction 
and limits the sample enrichment capabilities. Matrix effects can be an issue 
and quantitation generally requ ires matrix matched standards or the method 
of standard additions. The use of an isotopically labelled internal standard 
should be considered . The presence of high concentrations of matrix 
components or other compounds can result in competit ive binding and 
displacement and potentiall y large errors can occur. 
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The use of the fibres in food analysis were detailed in a review by Katoka et 
al. [220], which included several application for food components and in a 
review by Pillonel et al. [221]. Other food applications include flavour analysis 
[222] . 
Due to the complex nature of food matrices, many food applications use 
headspace-SPME (1.5.6.3) in which the vapour above the sample is 
monitored, as direct immersion SPME for complex and often semi-solid 
matrices, such as foods can be difficu lt. The fibre can be damaged or proteins 
can adsorb irreversibly to the fibre, changing the fibre properties and making it 
unusable for more than one sample. 
This was reflected in a review of SPME in food analysis by Wardencki et al. 
[223], who gave many examples of applications and techniques, including 
both direct immersion into a liquid sample, and headspace sampling. Aulakh 
et al. [224] reviewed the use solid phase micro extraction - high performance 
liquid chromatography (SPME-HPLC) for analysis of pesticides. 
An alternative for dirty samples is to protect the fibre by placing it inside a 
hollow cellulose membrane, this can have an added size exclusion effect (for 
example only allowing compounds with a mass of <1000 da to diffuse through 
the membrane) . However, using this technique requires a much longer 
extraction time [225], and clogging of the membrane wou ld be a issue for 
many food matrices. 
The main advantages of SPME extraction compared to solvent extraction are 
the reduct ion in solvent use, the combination of sampling and extraction into 
one step coupled directly with injection, and the ability to examine smaller 
sample sizes. It can also achieve a high sensitivity compared to direct 
headspace and can be used for polar and non-polar analytes in a wide range 
of matrices with linking to both GC and LC. Some disadvantages of SPME 
include batch to batch variation and robustness of fibre coatings. 
The sample matrix can be modified to increase the recovery of the target 
compounds, such as acidification for the extraction of phenols or the addition 
of salt [42]. However, Evans et al. [39] reported that the addition of salt did not 
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increase the response for the analysis of 2,4,6-trichloroanisole in wines. For 
some analytes, such as the detection of limonene in aqueous systems [226], it 
can have a negative effect. Derivatisation can also be used in SPME to 
overcome low extraction efficiencies for certain volatile , polar or thermally 
unstable analytes, either in the matrix solution prior to extraction [46] or on-
fibre after analyte absorption [227, 228] and has been reviewed by Stashenko 
and Martfnez [229]. 
Initially SPME was used to quickly obtain volatile profiles of a wide range of 
foodstuffs, including fruits, vegetable oils, coffee and milk [226, 230]. Yang 
and Peppard [226] compared direct immersion and headspace sampling for 
25 common flavour compounds. Applications for the quantitative 
determination of trace contaminants in foods are limited, although SPME has 
been employed for the determination of iodinated trihalomethanes in water 
[231] and off-flavours in milk [230,232]. 
In-tube SPME 
An alternative to a coated fibre is an internally coated capillary, through which 
the sample flows, or is drawn repeatedly. The trapped analytes are then 
desorbed or eluted by a solvent. This technique was developed due to the 
difficulties of interfacing SPME with HPLC systems [213]. A disadvantage of 
in-tube devices is that particles need to be removed from samples prior to 
extraction (by filtration or centrifugation) . Katoaka [233] reviewed automated 
in-tube SPME, giving applications for both food contaminants and food 
component analysis. Examples included heterocyclic amines in beefsteak 
[234] and endocrine disruptors in fatty foods [235]. 
Solid phase dynamic extraction (SPDE) 
SP DE is a recent variant of dynamic in-tube SPME, where a special internally 
coated syringe needle repeatedly draws up the sample, before injection into a 
GC (Figure 1.8). It was first described by Upinski [236] for the analysis of 
pesticides in water samples and was compared to SPME. There is now a fully 
automated commercially available system for analysis of both liquid and 
headspace samples (heads pace analysis is covered later in th is introduction) . 
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The capacity of the syringe allows for several sampling cycles and high 
concentration factors are possible. A drying step can be added prior to 
desorption if necessary. A range of different coatings are available and due to 
the large volume of the coating that can be used, very high concentration 
factors are possible. Another advantage is the increased robustness of the 
coated needle compared to the fibres used in SPME. 
The speed of extraction depends on the ratios of the film and sample volume 
through the needle. Multiple extraction/desorption cycles can be used. 
Most applications for this technique to date have been for headspace 
sampling (see 1.5.6.6). The direct immersion technique is best suited for 
analysis of aqueous samples [237] or solutions as matrix particulates could 
block the needle. Therefore for most food applications an initial extraction step 
would be required. 
1.5.5.2 Stir bar sorptive extraction (SBSE) 
Stir bar sorptive extraction (SBSE) is a device developed by Baltussen et al. 
[238], to overcome the limited extraction capacity of SPME fibres. A glass 
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stirrer bar is coated with a relatively thick film of a bonded adsorbent layer 
(polydimethylsiloxane - PDMS) to give a large surface area of stationary 
phase, leading to a higher phase rat io and hence a better recovery and 
sample capacity. Transfer of the analyte from the bar is achieved either by GC 
thermal desorption, or elution with an LC solvent. As with SPME, the sti r-bar 
can also be used to sample the vo latiles and semi-volatiles in the headspace 
above the sample (see heads pace sorptive extraction, HSSE - 1.5.6.5) 
The major advantage of the sti r bar techn ique is the high concentration factors 
that can be achieved. Sandra et al. [239] reported that a high enrichment 
factor cou ld be obtained for analytes even with octanol-water distribution 
coefficients higher than 100 (log K;,w>5) . It can be used for liquid or semi-solid 
complex matrices and therefore has potential for many applications in food 
analysis. Bicchi et al. [240] compared techniques for the analysis of coffee 
brew. They investigated the use of stir bar to sample the coffee brew directly 
and compared this with headspace analysis. A comparison of steam 
distillation extraction (SDE-1.5.3. 1) and SBSE for the determination of vo latile 
organ ic constituents of grape juice [142] concluded that SBSE was more 
sensitive, although it was noted that recoveries and reproducibility were not as 
good. Similar conclusions were drawn by Zuin et al. [241] who compared 
SBSE to membrane assisted solvent extraction (MASE) for the determination 
of pesticide and benzo[a]pyrene residues in Brazilian sugar cane juice. They 
fou nd that generally faster analysis and better recoveries were ach ieved using 
MASE, whereas greater sensitivity and repeatability were obtained with SBSE. 
Blasco et al. [242] used SBSE for the determination of pestiCide residues in 
honey. 
In a review of SBSE, Sandra et al. [206] gave examples of food analysis and 
demonstrated the analysis of solid samples after an initial extraction with a 
water-miscible solvent. Demyttenaere et al. [222] compared SBSE to SPME 
for the analysis of alcoholic beverages and concluded that SBSE was more 
sensitive with improved reproducibility and less artefact formation. Blasco et 
al. [74] investigated the use of SBSE for the analysis of pesticides in oranges 
by LC-MS and concluded that, although good sensitivity was obtained, the 
extraction was not su itable for some polar pesticides. Chloroanisoles and 
chlorophenols in cork have been studied by Hayasaka et al. [243] and 
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Callejon et al. [244], using an initial liquid-solid extraction of the corks followed 
by SBSE. By adjustment of the pH, migration of the phenols into the non-polar 
PDMS extracting phase was enhanced [6, 44] . Alternatively, in-situ 
derivatisation cou ld be used as described by Kawaguchi et al. [245] for the 
determination of chlorophenols in river water and urine. SBSE has also been 
used for the determination of 2,4,6-trichloroanisole in sake [54] and 
benzophenone and derivatives in river water [246]. 
Currently only a PDMS coating is commercially available, making the 
technique most suited to non-polar analytes from aqueous media. However, 
th is technique can be used for more polar compounds using derivatisation. To 
improve the recovery of more polar analytes, 'dual-phase twisters', which 
combine both absorption and adsorption, have been described by Bicchi et al. 
[247] for SBSE and HSSE. These stir bars consist of short PDMS tubes 
closed at both ends with magnets, with an inner cavity that is packed with 
activated carbon adsorbent. They were shown to improve the recovery of 
volatile and for polar compounds when compared to conventional PDMS stir 
bars in the analysis of coffee and sage (HSSE) and whisky (SBSE). 
Applications of SBSE in food analysis are increasing, but due to the limitations 
of the PDMS phase, they are st ill currently limited only to non-fatty food 
matrices and non-polar or sem i polar analytes. 
1.5.6 Headspace analysis 
For the analysis of volati le analytes the use of solvents can be avoided by 
analysing the headspace of a sample [248]. The technique involves simple 
sample preparation and as only the vapour phase (gas) is injected it is a very 
'clean' technique avoiding the accumulation of non-volatile components in the 
GC system. 
Static headspace involves the analysis of the headspace of a system in 
equilibrium (or after a defined period of time). That is the sampl ing of the gas 
phase (vapour) over a solid or liquid sample (condensed phase), after 
equilibration, or a defined period of time. A book by Kolb and Ettre [248], gives 
the history of the technique along with details of the theory and practice of 
static heads pace-gas chromatography. 
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Dynamic heads pace (or continuous gas extraction) involves the continual 
sampling of the gas phase above the sample by flushing with an inert gas. As 
the gas is removed the equilibrium will re-establish itself and an 'exhaustive' 
extraction of volatiles can be obtained. The purge and trap technique (1.5.6.5) 
is the most common approach and resu lts in enrichment of volatiles in a cold 
trap or on an inert support (e.g. poly(2,6-diphenyl-p-phenylene oxide, known 
as Tenax). 
Both static and dynamic systems can be used as described in the fol lowing 
sections and the headspace can also be sampled using sorption techniques, 
such as SPME and HSSE. A review of these different sampling techn iques for 
volatile food compounds was carried out by Pillonel et al. [221], including 
packed traps, solvent trapping and cold trapping in dynamic headspace 
systems and headspace sampling techniques. Povolo and Contarini [249] 
compared static and dynamic methods for analysis of the volatile components 
of butter and Caval li et al. [250] compared the techn iques for analysis of olive 
oil. 
One of the main disadvantages of headspace analysis for quantitative work is 
the need for matrix-matched standards or the use of the method of standard 
additions. The use of an internal standard, of similar volati lity, or preferably 
isotopically labelled can be used to compensate for differences in the 
distribut ion of an analyte between the matrix and gaseous phases. Another 
disadvantage for some applications is the possibility of the formation of 
additional analyte or of analyte degradation due to the heating [251] . 
Sequential headspace extraction or multiple headspace extraction (MHE) can 
provide exhaustive extraction of an analyte [248] . The sum of the amounts of 
analyte removed in the individual extractions will be equal to the total amount 
of analyte present in the original sample (although it should be noted that 
adding the results of several extractions results in a loss in precision). The 
advantage of this technique is that any effect of the sample matrix is reduced. 
Theoretical amounts can be calculated from a limited number of consecutive 
extractions using a mathematical extrapolation. 
Analyte concentration can also influence the extraction. At low concentrations 
« 50 ~g kg" , ppb), equilibration is concentration-dependent, so changes in 
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sample volume do not affect the response . However, at higher concentrations 
volumes become significant and must be consistent for samples and 
standards, especially for compounds with high distribution coefficients. The 
optimisation of sampling conditions including the effects of addition of salt 
were discussed by Pi llonel et al. [221 J in a review of preconcentration and 
enrichment techniques. 
1.5.6.1 Direct static headspace 
Static heads pace involves heating an aliquot of a liquid or solid sample in 
sealed vial at a given temperature, for a given amount of time and then 
injecting a portion of the heads pace directly into a GC. The increase in 
temperature leads to an increase in vapour phase concentration and enables 
rapid transfer into the extraction phase because of the high diffusion 
coefficients. 
Two parameters affect the sensitivity obtained in headspace analysis, the 
partition coefficient and the phase ratio. The partition coefficient (K) represents 
the distribution in the two phase system . This depends on the solubility of the 
analyte in the condensed phase (sample matrix). The higher the solubility in 
the condensed phase the higher the value of K. The phase rat io (13) is also 
important as it represents the relative volumes of the two phases (volume gas 
phase/volume liquid). Once a state of equilibrium is reached , the ratio of the 
analyte concentration in the gas phase and in the liqu id or solid phase is 
constant and th is can be represented by the partition coeff icient (K) . In a given 
system, where K and 13 are constant, the concentration in the headspace is 
proportional to the original sample concentration. 
A co Ca = Co Where: 
K+ P A = Peak area of ana lyte 
Ca = Concentration of analyte 111 
headspace 
Co = Original concentration of an alyle in 
sample 
K =Partition coefficient 
p = phase ratio (in vial) 
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The effects of sample volume, temperature and modifications to the sample 
matrix must be considered [248] as reproducible analysis requires exact 
replication of analytical conditions. As K increases, sensitivity is reduced and 
P becomes less significant, for compounds with low K values, the phase ratio 
has more effect on sensitivity. The partition coeff icient of a compound in a 
given matrix can also be affected by solubility - as the solubility of a given 
analyte in the matrix increases, the partition coefficient increases and the 
headspace sensitivity is reduced. Therefore matrix modifications to reduce 
analyte solubility - such as the addition of salt for polar compounds, can lead 
to an increase in sensitivity. 
This method has particu lar applications for the analysis of flavour and 
fragrance components in foods and has also been used to investigate off-
flavours and residues from packaging [139]. Other examples include the 
quality control of aromatic herbs [252] , musty taints from packaging [253] and 
the determination of off-flavours in infant formu la [254]. 
In 1984 Kolb summarised the use of headspace GC for analysis of food 
contaminants [255] and more recent applications include the determination of 
1,3-dichloropropanol in soy sauce [256] and furan in foodstuffs [257]. For 
accurate quantitation, the method of standard additions is recommended, or if 
possible, the use of an internal standard (ideally an isotopically labelled 
analogue). 
1.5.6.2 Headspace -single drop microextraction (SDME) 
In a similar method to droplet liquid-liquid extraction, a sing le drop of solvent 
can be suspended from the tip of a syringe in the headspace above the 
sample to trap the volatiles [147]. Selectivity can be achieved through the 
choice of solvent, which must have a boiling point high enough to avoid 
evaporation, and a wide range of solvents and polarit ies have been examined. 
The use of an internal standard is recommended if the method is performed 
manually. An automated method has been reported as reasonably robust 
although there was some evidence of the extracting drop falling off the needle. 
Practical difficulties with the technique include a limited choice of solvents due 
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to the required viscosity, and further work is needed to prove the 
reproducibility of th is technique. 
Most published applications of HS-LPM E have been for analysis of water and 
include BTEX solvents in water [258], and more recently, the analysis of 
volatile halocarbons in water [259] . Shen and Lee [260] used the technique for 
the determination of chlorobenzenes in soil, but published food applications 
are limited to the determ ination of alcohols in beer [261]. The use of ionic 
liquids as the trapping solvent has also been explored for selected 
organochlorine pesticides in water [262]. 
1.5.6.3 Headspace-SPME 
A variation on static headspace is to trap the volati les onto a SPME fibre held 
above the sample (giving a lower background than if the fibre is immersed in 
the sample). In th is mode of sampling ext raction is based on the equil ibrium 
between three phases, sample matrix vapour and fibre (Figure 1.9). 
Fibre coat ing Sample heads pace 
Sample matrix 
• Fibre coating I§I Sample matrix 
Figure 1.9 Phases in headspace SPME 
Optimisation of the temperature is important as unlike conventional 
headspace analysis where raising the temperature increases the amount of 
analyte in the vapour phase and hence gives improved sensitivity; with HS-
SPME a higher temperature may result in less deposition onto the fibre as 
volatile analytes again favour the vapour phase. This can be a useful tool for 
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selective analysis, as the fibre will favour lower volatility compounds than 
direct heads pace [263]. 
Food applications include the determination of furan in baby food [264] and 
form aldehyde in fish [265]. HS-SPME was also used by Liu et al. [266] for the 
determination of volatiles in beer. Headspace-SPME extraction has been 
increasingly used for flavour volatiles and SteHen and Pawliszyn [267] 
described the quantitative analysis of some flavour volat iles in orange juice. 
A number of papers have reported the use of HS-SPME for chloroanisoles 
and chlorophenols in cork [42, 46, 51 , 52, 268-270], and haloanisoles and 
chlorophenols in wine [50, 271]. Feng, Zhu and Sensenstein [272] developed 
a method for the determination of phthalate esters in cows' milk. The 
extraction efficiency of the fibre was dependent on the fat content in the milk 
sample and a combined standard additions and internal standard approach 
was used for quantitation. This study highlighted that for complex matrices, 
such as food, particularly for semi-volatile analytes, careful optimisation of 
conditions is required . As discussed previously for SPME, the use of internal 
standards should be considered. Matrix matched standards or the method of 
standard additions is usually required for accurate quantitation. 
A recent development in SPME - that of cold fibre SPME, (CF-SPME), which 
allows for the simultaneous cooling of the fibre coating, whilst heating the 
sample, has also been employed for the determination of chloroanisoles in 
cork [215]. Th is technique was compared to normal HS-SPME and CF-HS-
SPME was shown to give improved quantification limits, with recoveries >90% 
providing almost exhaustive extraction. 
1.5_6.4 Headspace sorptive extraction (HSSE) 
Another variation of static heads pace analysis is the use of stir bar sorptive 
extraction (SBSE) to sample the heads pace of a sample. This is very similar 
to heads pace SPME, but a coated stir-bar is used in place of the f ibre. A vial 
insert can be used and the sti r bars are generally more robust [240] and offer 
a larger volume of 'stationary' phase than SPME fibres, providing better 
concentration factors [240]. HSSE has been used for the headspace analysis 
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of aromatic and medicinal plants [273] wine vinegar volatiles [274] and foods, 
such as coffee and bananas [275]. HSSE has been used for the determ ination 
of chloroanisoles in cork [276], enabling a non-destructive method to be 
developed. The larger volume of coating compared to SPME, means that 
analytes are extracted into the bulk phase and this al lowed higher 
temperatures to be used to enable extraction of the contaminants from the 
cork matrix (without losses from the extraction phase due to desorption). 
1.5.6.5 Dynamic headspace (purge and trap) 
Dynamic headspace (or continuous gas extraction) involves the continual 
sampling of the gas phase above the sample by flushing with an inert gas. As 
the gas is removed the equilibrium wil l re-establish itself and an 'exhaustive' 
ext raction of volatiles can be obtained. The purge and trap technique is the 
most common. 
In purge and trap extraction the volatile components are flushed from the 
sample with a gas stream and are then enriched in a cold trap or on an inert 
support (e.g. poly(2,6-diphenyl-p-phenylene) oxide, Tenax) which is then 
transferred directly into the GC using thermal desorption (Figure 1.10). As the 
sample is flushed, the concentration of analyte in the headspace decreases, 
so to maintain the phase distribution more analyte is encouraged into the 
headspace. 
An inert gas is passed th rough the liquid sample and the gas 'extracts' the 
volatiles. The volatiles are retained in the trap (containing an adsorbent such 
as Tenax). The analytes are then desorbed directly into the GC. 
Inert purge gas 
-. 
Figure 1.10 Purge and trap 
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Purge and trap GC is used in food component analysis and flavou r profiling , 
as described by Mallia et al. [277] who compared purge and trap with SPME 
extraction for volatiles in cheese. The disadvantages of traditional purge and 
trap techniques, compared to more selective sampling techniques, such as 
HS-SPME or HSSE, is that although large concentration factors are possible , 
any interferences present are also concentrated and therefore increases in 
sensitivity for particular analytes may not be as significant. The use of more 
selective absorbent materials as traps may help overcome th is. The flow rates 
required to desorb from the trap are much higher than those going down the 
column on some systems and this can result in loss of sensitivity because a 
split is required. Other systems employ an additional cryo-focussing step to 
reduce the loss before the injector. 
Examples for taint analysis include the determination of bromophenols in 
water with in situ acetylation [278]. In th is example, the analytes were trapped 
on a very small quantity of activated carbon (1.5 mg Grob tube) and eluted 
using 20-30 III of solvent prior to GC-MS analysis. Purge and trap systems 
using Tenax traps have also been reported for odorous compounds in water 
[279] and volatile compounds from cork [280]. 
A recently reported technique comparable to a dynamic heads pace method is 
pervaporation [281] based on evaporation and diffusion through a membrane 
which helps to minimise matr ix effects and prevent water vapour 
interferences. It can be used online with GC [282] and to achieve better 
sensitivity the technique can be used with a solid phase trap [283] or packed 
inlet liner [284] . 
Needle trap devices can be used and several experimental designs have 
been described in the literature. The inside needle capillary adsorption trap 
(INCAT) device described by McComb et al. [285] was based on a 
combination of SPME and purge and trap methods. Applications of such 
devices have, to date been lim ited to aqueous samples [286] or volatile 
compounds from gaseous samples [287] . 
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1.5.6.6 Headspace-SPDE 
A recent development in headspace analysis is solid phase dynamic 
extraction (SPDE, see also 1.5.5. 1). The headspace is repeatedly drawn up 
into a syringe, through a coated needle (usually PDMS) which traps the 
analytes. The analytes are Ihen desorbed directly into the GC. A variety of 
other sorbents are also available including Carboxen, divinylbenzene, 
polyethylene glycol and mixed phases. Th is technique is most suitable for 
volatile or semi-volali le analytes with medium to low polarity in aqueous 
media. 
Johmann, Kmiecik and Schmidt [288] used a number of different phases in 
HS-SPDE for the trace determination of polar volatile organic compounds in 
aqueous matrices. Bicchi et al. [289] looked at the analysis of various volatile 
fractions of food matrices and other food applications include the 
determination of amitraz in honey [290] and off-flavours in wines [291]. 
1.6 Conclusions from review 
Although detection methods are becoming more specific and sensitive, there 
is sti ll a requirement for good sample preparation. In Irace analysis sample 
preparation is particularly important as it can account for a significant amount 
of the variability of a particular method. 
In most cases, for the determination of trace residues and contaminants in 
foods, extraction methods, such as Soxhlet extraction, PLE or liquid extraction 
techniques alone, are not selective enough to meet the needs of food safety 
and food regulatory requ irements and generally require a further clean up or 
concentration step. The development of more selective sample preparation 
methods that can be applied to complex matrices such as food will enable 
analysis at the low levels now requ ired by legislation for many residues and 
contaminants but more importantly, result in more robust methods producing 
more reliable data to support food safety risk assessments. 
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New sample extraction and concentration methods are evolving that are more 
environmentally fr iendly as they use much less solvent and smaller sample 
sizes. However, the applicability of several of these techniques for trace level 
contaminants in foods is still in question and care must be taken to ensure a 
representative sample is taken from such naturally inhomogeneous samples. 
The increasing automation of such techniques to allow on-line extraction and 
analysis should increase the robustness as well as decrease the time for an 
analytical method. The reproducibi lity of such techniques is matrix (and 
analyte) dependent and still needs to be tested for many of the current food 
residues and contaminant applications. For complex matrices, such as foods, 
a combination of different techniques is often required and the objective of any 
analytical method should be to achieve the required performance (e.g. 
sensitivity, accuracy and precision) in as few steps as possible. 
The determination of taints and off-flavours in foods often involves two steps. 
The initial procedure to identify differences in the volatile profile of the tainted 
sample compared to a 'good' control sample, fO llowed by more targeted 
analysis to enable quantitation of any compounds identified against standards. 
It is important therefore, to ensure no possibil ity of contam ination exists. For a 
true screening method, where the cause of the taint is unknown, a more rapid 
and universal (less selective) method is required than for targeted extraction 
and analysis . Generic rapid screening methods traditionally lack the sensitivity 
required as the tainting compound may be present at very low levels and 
needs to be isolated from high concentrations of matrix components. 
Sometimes large sample sizes are needed to obtain a high enough 
concentration to enable detection, therefore the removal of matrix 
interferences without the loss of the compound(s) of interest presents a 
challenge to the analyst. 
Current extraction methods for taint analysis fal l into two categories. Those 
that are more generic and are therefore useful for screening but may not have 
the required sensitivity for some analytes, and those developed for more 
targeted analysis that will only be useful for certain known compounds. Many 
of the more generic techniques based on liquid extraction are time consuming 
and still require a solvent concentration step. 
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Many of the extraction methods described in this chapter have been reliably 
used for the extraction of flavour volatiles [292, 293), including liquid- liquid 
extraction [294). simultaneous steam distillation solvent extraction (SDE) 
[295), static headspace [252), dynamic headspace [6), direct thermal 
desorption [296) solid-phase microextraction (SPME) [226) and more recently 
headspace sorptive extraction (HSSE) [276) and stir bar sorptive extraction 
(SBSE) [297) . Miniaturised techniques have also more recently been 
employed, such as headspace liquid phase microextraction (HS-LPME) for 
chloropheno ls [298) and geosmin [299) in water. Closed loop stripping 
techniques (CLSA) have been used for odorants in water [300, 301). 
Direct static headspace can often lack the sensitivity requ ired or if dynamic 
systems are used then matrix affects can be a problem with some foodstuffs. 
Headspace techniques that incorporate a selective concentration step, such 
as SPME are increasingly being used, but may not be applicable to all 
analytes. Developments in sorpt ive extraction techniques, such as SBSE and 
cold fibre SPME, are leading to more rapid methods that can achieve the 
necessary sensitivity to determ ine compounds (such as tainting compounds) 
even with extremely low sensory thresholds (ng r', ppt levels) in the presence 
of large matrix components. 
For the determination of unknown tainting compounds, as with most screening 
or multi-residue methods, where selective sample preparation cannot be used 
for targeted analysis, instrumentation and adequate data processing must be 
relied upon to provide the unequivocal identification and sensitivity that is 
required for accurate quantitation. 
1.7 Aims of current study 
From the review on sample extraction it was concluded that sorptive extraction 
techniques, such as solid phase dynamic extraction (SPDE), solid phase 
micro extraction (SPME) and stir bar sorptive extraction (SBSE), can achieve 
the necessary sensitivity to determine compounds at low (~g r', ppb) levels in 
the presence of large matrix components. They are also environmentally 
friendly and use little (if any) organic solvent and smaller sample sizes. 
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The use of such techniques to enhance sensitivity in heads pace sampling is 
increasing [302] . However for the determ ination of trace level contaminants in 
food published methods are predominantly for qualitative purposes. SBSE 
and headspace sorptive extraction (HSSE) offer some selectivity and high 
concentration factors, and have been applied to specific tainting compounds. 
The aim of this study was to explore the potential for using these techniques 
for the quantitative determination of example trace level food contaminants, 
including those compounds known to cause food taints, and the applicability 
of the techniques to both targeted and more universal screening methods 
were evaluated. Example compounds were chosen to evaluate SPDE and 
SBSE. 
The work performed was split into related areas covering an evaluation of 
SPDE, an evaluation of SBSE and the extraction methods used for taint 
analysis. It has been reported as three separate chapters and as each have 
different experimental conditions these are detailed in each chapter rather 
than having a single experimental section. 
63 
Chapter 2 Evaluation of SPDE 
CHAPTER 2 
EVALUATION OF SPDE FOR TRACE CONTAMINANTS IN FOODS 
2.1 Compounds Studied 
Following the review in Chapter 1, the initial experimental work for this study 
looked at the evaluation of solid phase dynamic exlraction (SPDE) for the 
determination of example contam inants in foods. There are concerns for each 
of the compounds studied in this chapter due to known or potential toxicity 
and hence methods for determination in foods are requ ired that can quantify 
down to low I1g kg·'(ppb) levels to allow for estimation of dietary intake. Initial 
work evaluated SPDE for the determination of furan and this was then 
extended to include benzene, toluene and subsequently ethyl benzene and 
or/ho (0), meta (m) and para (p). xylene. 
Concerns regarding furan were raised following an FDA study reporting its 
presence in a range of foods in 2004 [303]. Following this, several food 
surveys were conducted and studies began into understanding the 
occurrence, formation , toxicity and methods of analysis for fu ran. A recent 
review by Crews and Castle [304], includes tabulated data on the levels found 
by the FDA and a subsequent survey by EFSA. The highest levels have been 
reported in heat treated foods, and in particu lar foods in cans or jars. Those 
foods containing the highest levels (>100 I1g kg·') included coffee, baby food 
and sauces/soups. The presence of furan in food is a cause for concern 
because it is considered potentially carcinogenic to humans by the 
International Agency for Research on Cancer (IARC) [305]. A risk assessment 
of the toxicity of furan was published by EFSA in 2004 and concluded that 
furan is carcinogenic to rats and mice, probably acting by a genotoxic 
mechanism [306] . 
Several formation pathways for furan have been proposed from precursors 
which are common natural food ingredients. These include the thermal 
degradation of carbohydrates, the thermal oxidation of polyunsaturated fatty 
acids and the thermal decomposition of ascorbic acid and its derivatives [307· 
309]. Studies have shown that ascorbic acid has the highest potential to form 
furan [309]. 
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The unintentional presence of organic solvents in food and beverages can 
originate from a number of sources, inc luding transfer from packag ing 
materials, degradation or reaction of preservatives, heat or processing 
conditions or as environmental contaminants. One group of solvents, which 
are often determ ined due to concerns over their toxicity, are known as the 
BTEX solvents (benzene, toluene, ethylbenzene and the xylenesl. Benzene 
has been observed in soft drinks when sodium benzoate, used as a 
preservative, reacts with ascorbic acid (Vitamin Cl - a natural constituent of 
ci trus juices [310]. Benzene is known to cause cancer and the other BTEX 
solvents can have neurological effects. Therefore, careful monitoring of these 
compounds is necessary to ensure consumer safety. 
2.1. 1 Furan 
Furan (C,H,O) is a highly volatile non-polar cyclic ether, with a boiling point of 
32 "C, with a molecular weight of 68 and log P of 1.34. From the properties of 
fu ran, headspace techniques have proved to be the method of choice, but the 
determination of furan in food is not easy due to its high vo lati lity, low 
molecular weight and presence at very low leve ls. The method originally used 
by the FDA [303, 311], involved static headspace extraction following 
incubation at 80 "C for 10 minutes. Several other methods have been 
publ ished for the determination of furan in foods [257, 312] or model systems 
[308]. These include headspace analysis at 30 "C [257] and heads pace 
SPME-GC/MS [312]. 
Since the formation of furan has been linked to heat treatment , there are 
concerns over the formation of fu ran during analysis [306], and there is 
evidence that in some matrices fu ran can be formed if the temperature is 
increased from 60 - 80 "C [307]. Senyuva and G6kmen [313] reported the 
formation of furan in green coffee at temperatures as low as 40 "C, 
demonstrating the need to check the formation for each new matrix type 
analysed. The FDA method was revised to use an incubation temperature of 
60 "C [314] and several groups use temperatures of 50 "C or below [304]. The 
possibili ty of losses during sample preparation, or formation during analysis, 
make the determination of furan using headspace techniques a challenge 
[315]. A simple robust method was needed that avoided heating the sample 
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and therefore eliminating the possibility of the loss or formation of furan during 
analysis. 
2. 1.2 BTEX compounds 
The physical and chemical properties for these compounds are given in Table 
2. 1 [316] . 
Table 2.1: Properties of the BTEX compounds 
Formula Log P 
Boiling point 
Molecular weight ( "C) 
Benzene C6H6 2.13 80.1 78 
Toluene C,H. 2.73 110.6 92 
Ethylbenzene C.HlO 3.15 136 106 
o-Xylene C. H,o 3.12 144 106 
p-Xylene C. H,o 3.15 137-138 106 
m-Xylene C. H,o 3.20 139.3 106 
One approach to the determination of BTEX compounds would be to use 
direct static headspace analysis, which has been extensively used for the 
determination of volatile compounds in foodstuffs [255]. Sorptive extraction 
techniques have also been utilised for the determination of volatiles in food 
matrices [289] as they can provide the high concentration factors required for 
quantitative determ inations at trace levels. For the determination of BTEX 
compounds in aqueous samples, trad itionally purge and trap methods [317] 
and more recently solid phase microextraction SPME [318-320] have been 
used. 
An alternative approach has been the use of needle trap devices [321], which 
are capable of multiple extraction cycles to draw the sample through a packed 
or internally coated tube or needle [236]. One needle trap device used a 
Carbopack X sorbent material inside the full volume of a stainless steel needle 
and was recently described by Jurdakova et al. [322] for the determination of 
BTEX. Th is example used closed system stripping of the analytes from water 
samples. Wang et al. [323] compared on-line, in-tube SPME and fibre SPME 
for the GC analys is of contaminants (alkanes, polycyclic aromatic 
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hydrocarbons (PAHs) and selected pesticides) in water. The analysis of 
aqueous samples using in-tube SPME, for BTEX compounds, PAHs, n-
alkanes, N,N-dibutylalkylamides, halogenated solvents, atrazine and 
substituted benzenes, phenols and anilines, has been reported [324-326]. The 
SPDE device, described in Chapter 1 (1.5.5. 1), has been applied to the 
headspace extraction (HS-SPDE) of a series of food components [289] and 
Jochmann et al. [288] have used the technique for polar volatile organic 
compounds in water. 
2.2 Experimental 
The experimental work described in this chapter was completed in several 
phases. The initial experiments were performed to investigate the 
determination of furan using the SPDE device at ambient temperature in 
aqueous matrices and also in a tomato based sauce sample. This work on 
aqueous matrices was extended to also include benzene and toluene. 
Subsequently methods were optimised for the determination of benzene and 
toluene in soft drinks and then extended to include all BTEX compounds 
(2.1.2). In the later work on BTEX compounds, the SPDE device was only 
used in headspace sampling mode and two different coatings were evaluated. 
2.2.1 Reagents 
Methanol was Merck HPLC grade and ultra-pure water was generated from a 
Mill i·Q plus system or from a Nanopure Diamond system (Barnstead 
International, Dubuque, lA, USA). Sodium su lphate (reagent grade) was from 
BD H (VWR, Poole, UK). 
Furan, [' H,] furan (furan·d4), Benzene, [' Hs] benzene (benzene-d6) , ['H. ] 
toluene (toluene-d8), ethylbenzene, o·xylene, m·xylene and p-xylene (all 
>98% purity) and toluene (>99.9%, Fluka) were obtained from Sigma·Aldrich 
(Poole, UK). For initial work toluene was obtained from Rathburn (g lass 
distilled grade, Walkerburn, UK). 
Stock standards were prepared in methanol and diluted to give a range of 
standards for spiking. 
2.2.2 Apparatus 
67 
Chapter 2 Evaluation of SPDE 
Instrumental analysis was carried out on an Agilent 6890 (Cheadle, UK) gas 
chromatograph fitted with 5973 mass selective detector (MSD) and CTC 
Analytics CombiPAL headspace autosampler. Headspace vials were 10 ml 
with silicone! PTFE septa and metal caps (Kinesis, Milton Keynes, UK) . Maxi-
Spin filter tubes, 0.45 ~m PDVF (Alltech) were used for preparation of the 
tomato based sauce. 
The CTC headspace autosampler (Presearch , Hitchin, UK) was fitted wilh 
both static and solid phase dynamic extraction (SPDE) capability. 
The SPDE analysis used a 2.5 ml gas tight syringe, with an internally coated 
needle (56 mm length, I.D. 0.5 mm ± 0.05 mm), using ei ther a 
polydimethylsiloxane (PDMS) 50 ~m coating, (Presearch part number SPDE-
01 -50-56) , or PDMS!10% activated charcoal coating (Presearch part number 
SPDE-01 !AC-50-56). 
2.2.3 Methods 
2.2.3.1 Sample preparation 
For initial work on the determination of furan, benzene and toluene, samples 
were prepared in water by taking an aliquot of the standard compound(s) in 
methanol and spiking into water in a volumetric flask, or directly into a 
headspace vial containing water. A sample containing 0.05 ~g mr' for each 
target compound was prepared for optimisation and repeatability experiments. 
This bu lk sample was then diluted with water to give concentrations ranging 
from 0.001 to 0.025 ~g ml·'. In later work, aliquots of water (5 ml or 10 ml) in a 
headspace vial were spiked directly with standards in methanol (total 200 ~I) , 
including the deuterated compounds for use as internal standards. Due to its 
high volatili ty, furan spiking was performed over ice and where appropriale 
using a chi lled syringe to deliver the standard solution below the surface of the 
water. 
Following optimisation for the determ ination of benzene and toluene and later 
for all BTEX compounds, aliquots (10 ml) of sample (water or soft drink) were 
transferred directly into heads pace vials (20 ml) containing sodium su lphate (5 
g) and spiked with standards in methanol as appropriate. All samples were 
spiked with 1 00 ~I internal standard (benzene-dB and toluene-dB) and either 
1 00 ~I methanol or an appropriate mixed spiking standard prior to extraction. 
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For the work on BTEX compounds as suitable internal standards were not 
available for all compounds, on ly those for benzene and toluene were used. 
For the preparation of tomato based pasta sauce samples, 1 g sample was 
mixed with 10 ml water and spiked accordingly. For direct immersion-SPDE of 
these samples, the samples were centrifuged and filtered prior to analysis to 
remove particulates. 
2.2.3.2 Static headspace 
For the initial work on the determination of furan, benzene and toluene the 
samples for static headspace were equilibrated for 10 minutes at 30 'C. The 
aim of this experiment was to compare extractions at ambient temperature (30 
'C), therefore no optimisation of extraction temperature was performed. For 
the determination of benzene and toluene an incubation temperature of 60 'C 
for 15 minutes (500 rpm) was used. Following the extension of the method 
and optimisation for the determination of BTEX compounds, the analytes were 
partit ioned into the headspace with heating at 70 'C and agitation for 15 
minutes at 500 rpm. In all cases, an aliquot of headspace (1 ml) was then 
injected directly into the GC·MS. 
2.2.3.3 Direct immersion (/iquid-SPDE) 
This technique was evaluated at ambient temperature for furan, benzene and 
toluene. Samples were equilibrated for 10 minutes at 30 'C and agitated at 
500 rpm before extraction. An aliquot of sample solution was pulled through 
the needle at 50 III s·, for 25 cycles (30 cycles were used for preliminary work 
on the determ ination of furan). The syringe was automatically transferred to 
the injector port and the needle was desorbed with 2 ml helium at 200 III s·, at 
150 'C. After initial experiments with water, a wash cycle was set up to wash 
the needle with water twice after 'extraction' and flush with nitrogen twice prior 
to injection / desorption. In-between extractions the SPDE needle was 
conditioned at 150 'C and flushed with nitrogen for 2 minutes. 
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2.2.3.4 Headspace-SPDE 
An aliquot (1 ml) of headspace was pulled through the needle at 50 >11 s" for 
an optimised number of cycles. The preliminary work for the determination of 
furan used 20 extraction cycles and the work on furan, benzene and toluene 
25 cycles, both at 30 "C fo llowing an initial equilibration for 1 0 minutes. 
Following optimisation for the determination of benzene and toluene an 
extraction temperature of 70 "C wi th 20 cycles was used. For BTEX 
compounds; 15 cycles (PDMS/AC phase) or 20 cycles (PDMS phase) were 
used with an extraction temperature of 30 "C. In al l cases, the syringe was 
automatically transferred to the injector port and the needle was desorbed 
with 2 ml helium at 200 >11 s" at 150 "C or 1 ml of helium at 100 >11 s" at 200 
"C. Between extractions the SPDE needle was conditioned at either 230 "C or 
260 "C and flushed with carrier gas for up to 1 0 minutes (to avoid carry-over 
between samples [290]) . 
2.2.3.5 Instrumental conditions 
To enable comparison of extract ion techniques, following optimisation for the 
analytes of interest, the GC-MS conditions remained constant during each set 
of experiments. 
For preliminary work on the determination of furan; 
GC-MS conditions were taken from a method that has previously been fully 
validated within the Safety and Environmental Assurance Centre at Colworth 
for the determination of furan in foods. A spliVsplitless injector was used for 
split (2:1) injection at 240 ·C. 
The carrier gas was helium at 3.6 ml min" . The column was an Ag ilent HP 
Plot Q , 30 m x 0.32 mm I.D., 20 >lm film th ickness. The separations were 
carried out using a GC oven temperature programme of 35 °C for 0.25 min, 
then programmed at 15 °C min" to 160 °C then 25 °C min" to 180 °C (for 20 
minutes). Mass spectra data was collected in El (+) selected ion mode (SI M), 
ions monitored (furan and furan-d, only) are given in Table 2.2. 
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For the determination of furan, benzene and toluene; 
A splitlspl itless injector was used for splitless injection at 150 ·C. 
The carr ier gas was helium at 3.6 ml min" The column was an Ag ilent HP Plot 
Q, 30 m x 0.32 mm I.D.,20 IJm film thickness. The separations were carried 
out using a GC oven temperature programme of 35 ' C for 0.25 min, then 
programmed at 15 ' C min" to 160 'C (for 5 minutes) , 10 ' C min" to 240 °C 
(for 5 minutes). Mass spectral data was collected in El (+) selected ion mode 
(SIM, Dwell t ime 50 ms per ion), ions monitored (excluding those for ethyl 
benzene and xylenes) are given in Table 2.2. The protonated water ion (m/z 
19) was also monitored to assess whether the presence of residual water 
(particularly for direct immersion SPDE) , was having any affect on the 
chromatography. 
For the determination of benzene and toluene in soft drinks 
The GC-MS oven program was adjusted to decrease the run time and SIR 
acquisition was changed to include the m/z ions for labelled toluene (not used 
in previous work) and exclude those for furan and fu ran-d, . 
A splitlsplitless injector was used for splitless injection at 150 ·C. 
The carrier gas was helium at 3.6 ml min" constant flow. The column was an 
Agi lent HP Plot Q, 30 m x 0.32 mm I. D., 20 IJm film thickness. The 
separations were carried out using a GC oven temperature programme of 40 
°C for 0.25 minutes, then programmed at 20 ' C min" to 240 ' C (for 5 
minutes). Mass spectral data was collected in El (+) selected ion mode (SIM), 
ions monitored (benzene, toluene and internal standards only) are given in 
Table 2.2. 
For the determination of BTEX compounds (benzene, toluene, ethylbenzene 
and xylenes) 
A splitlspliUess injector was used for splitless injection at 200 ·C. The carrier 
gas was helium at 2 ml min" . The column was a DB-WAXetr 50 m x 0.32 mm 
I.D., 1 IJm film th ickness (Ag ilent , Cheadle England). The separations were 
carried out using a GC oven temperature programme of 60 ' C for 0.5 min, 
then programmed at 2 ' C min" to 100 ' C then 10'C min" to 200 'C. The GC 
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conditions were optimised to allow for simultaneous determinal ion of the 
BTEX analytes, with resolution of labelled slandards from the unlabelled 
analytes and of the three xylene isomers, as well as separation from the 
matrix components (Figure 2.1 ). The time taken for the GC run corresponded 
approximately 10 the extraction time for SPDE analysis. 
Mass spectral data was collected in electron impact El (+) ionisation selected 
ion mode (SI M), acquiring mlz ions shown in Table 2.2 (excluding furan and 
furan- d,). 
Table 2.2: Ions acquired lor GC-MS in SIM mode for furan, benzene and toluene 
(including internal standards) 
Compound Ions monitored Ion (m/z) used 
(m/z) for quantitation 
Furan 68, 39,29,38 68 
Furan-d4 (Internal standard) 72,44,38 72 
Benzene 78,51, (50) 78 
Benzene-d6 (Internal standard) 84, 56 84 
Toluene 65, (89), 91, 92 91 
Toluene-d8 (Internal standard) 99, 100 99 
Ethylbenzene 106, 91 106 
0, rn, and p-Xylene 106, 91 106 
(values In brackets not acqUlfed In al/ cases) 
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Figure 2.1 - Example TIC and extracted ion chromatograms for BTEX in soft drink 
sample spiked at 0.D1 Ilg (' using HS-SPDE (PDMSIAC coating), Spfitfess injection at 
200 'C. Column DB-WAXetr, 50 m x 0,32 mm 1.0 " 1 Ilm fifm thickness. Flow 
2 ml min"'. Oven temp 60 'C (0.5 mini, 2 'C min"' to 100 'C, 10 'C min"' to 200 'C. 
73 
Chapter 2 Evaluation of SPDE 
2.3 Results 
2.3.1 Optimisation Experiments 
In the initial work on SPDE for the determination of furan, benzene and 
toluene, the temperature was kept constant at 30 'C as a method was 
required that would avoid the potential formation of analytes during analysis. 
Only the number of extraction cycles (number of 2.5 ml sample flushes of the 
needle) was optimised and in order to directly compare the extraction 
methods, the same number of extraction cycles was used for headspace-
SPDE as for direct liquid-SPDE. 
For the determination of benzene and toluene and later BTEX compounds in 
soft drinks, experiments were performed for each method to determ ine the 
optimum extraction conditions. For the static headspace method the 
incubation temperature and time and different sample volu mes were 
considered and also the effect of the addition of sodium chloride or sodium 
sulphate to the sample. For HS-SPDE the temperature, extraction phase, 
draw·up volumes, number of extraction cycles and the desorption parameters 
of gas volume, flow and temperature were also optimised. 
2.3.1.1 Static headspace 
In the initial work, samples for static headspace were equilibrated for 10 
minutes at 30 'C. Subsequently a method for the determination of benzene 
and toluene in soft drinks using static headspace GC·MS was developed and 
validated. Conditions were optimised; including the use of sodium chloride! 
sodium sulphate, different sample volumes and incubation temperatures and 
times (the method was validated in· house based on a reported method [327]) 
details of the optimisation are not included in this report . 
For later work on the determination of BTEX compounds, optimum extraction 
(equilibrium) was observed at a temperature of 70 'C after 15 minutes as 
shown in Figures 2.2 and 2.3. 
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Figure 2.2 - Optimisation of extraction temperature for BTEX by static headspace, 
following 15 minutes extraction with agitation at 500 rpm. 10 ml sample (aqueous 
based soft drink, fortified at 1 pg r' for each analyte) + 5 g sodium sulphate in 20 ml 
vials, 1 ml headspace injected. 
The trend plotted for toluene at different extraction temperatures was poor and 
a flat-topped response was observed, possibly due to overloaded peaks, as a 
large response close to off-scale was observed. 
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Figure 2.3 Optimisation of extraction time for BTEX static headspace. Incubation at 
70 'C with agitation at 500 rpm. 10 ml sample (aqueous based soft drink fortified at 1 
I1g (' for each analyte) + 5 g sodium sutphate in 20 ml vials, 1 ml headspace injected. 
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2.3. 1.2 Direct immersion (Liquid·SPDE) 
Initial experiments were performed with fu ran standards prepared in water. 
The 'extraction' of furan onto the PDMS coating was investigated. Figure 2.4 
shows repeat injections from the same vial containing initially 0.05 I-Ig mr' 
furan in water and demonstrates the decrease in response for fu ran as it is 
'extracted' from the water onto the PDMS syringe coating. 
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Figure 2.4 Furan peak area response following multiple injections (liquid·SPDE ) of 
0.05/1g mr' furan in water. Extraction at 30 'C, strokes of 50 /11 s' / for 30 cycles. 
Desorption with 2 ml helium at 200 /11 s' / at 150 'C. 
An experiment was performed to optimise the SPDE system for extraction of 
furan from water in direct immersion sampling mode. Dupl icate samples were 
analysed for each number of extraction strokes tested and blank water 
samples were analysed in·between to reduce any carry over. The same 
concentration of fu ran in water was analysed, using an increasing number of 
extraction cycles for each sample (Figure 2.5) . 
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Figure 2.5 Furan peak area response for different number of extraction cycles (Liquid-
SPDE) for 0.05 /1g mf ' furan in water. Extraction at 30 'C, strokes of 50 /11 5 ' for 
given number of cycles. Desorption with 2 ml helium at 200 /11 5 ' at 150 'C. 
There were some problems with reproducibility and several anomalous results 
were obtained. These gave Furan responses off-scale and have not been 
included in the Figure 2.5. The experiment was repeated with just single 
replicates for each number of extraction st rokes (Figure 2.6). 
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Figure 2.6 Furan response for different number of extraction cycles (liquid-SPDE-
repeat) conditions as Figure 2.5. 
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Both graphs (Figu res 2.5 and 2.6) show very little increase in response when 
going from 5 to 10 extraction strokes. It wou ld be expected that the majority of 
the Furan would be extracted following only a few extraction strokes [61 J. The 
samples extracted using above 30 extraction strokes in the second graph 
gave flat topped peaks and were considered to be off-scale. Th irty extraction 
strokes were chosen as a compromise between response and analysis time, 
as the time taken for this extraction coincided with the instrument GC run time. 
Later experiments for optimisation of furan, benzene and toluene (Figure 2.7) , 
showed better trend data and also indicated an optimum number of extraction 
strokes for furan of approximately 30. 
Belcaski et al. [308J noted that several syringe washes were necessary to 
avoid carry over in headspace sampling for furan, and also noted occasional 
high responses for blank samples, despite extensive syringe washing [257J. 
Some problems with reproducibility were observed, which may have been 
caused by the presence of some headspace in the vials. Due to its volati lity, 
the concentration of furan in the water samples therefore could be reduced 
due to some transfer into the vapour phase (headspace). It was also observed 
that the penetration of the needle may not have been sufficient to ensure only 
the liquid was sampled. Care was taken in later experiments to completely fill 
the vials and the depth of the needle penetration was increased to ensure the 
liqu id sample, and not the headspace, was being sampled. 
A wash and dry step was added after SPDE extraction as th is was considered 
to be necessary for real food matrices. The CombiPAL auto sampler was 
programmed to perform two washes with water after extraction fo llowed by 
several 'drying' steps with carrier gas prior to injection (all performed at 30 
"C). A ten fold drop in response was observed following the introduction of a 
water wash and drying step. This is possibly due to the high volatil ity of fu ran 
causing losses on drying with gas. 
Following these preliminary investigations, the SPDE technique was then 
evaluated for the analysis of other compounds with similar properties to fu ran, 
in this case , benzene and toluene. The aim of th is experiment was to compare 
extractions at close to ambient temperature (30 "C), to evaluate the 
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applicability of the techniques for applications where there is potential for the 
formation of the analyte of interest during analysis. Therefore for this 
experiment, no optimisation of extraction temperature was performed. As with 
the initial work on furan, the effect of the number of extraction cycles on the 
area response for each analyte was studied for direct immersion liquid 
sampling using the SPDE syringe (Figure 2.7). The optimum number of 
extraction cycles for the three analytes was 25. A better trend was observed 
for fu ran than in previous experiments, probably due to improved sample 
preparation technique and ensuring on ly the liquid was sampled, by 
completely filling the vials and increasing the needle penetration into the vial. 
It can be seen from Figure 2.7 that benzene and toluene reach optimum area 
(equilibrium) more rapidly. Due to the higher log P values of these compounds 
(Table 2.1), extraction efficiency into the PDMS coating should be greater 
when compared to Furan (Log P 1.34). The low boiling point of furan (32 'C) 
could also mean that more losses occur from the PDMS phase during 
extraction. 
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The use of direct immersion (liquid-SPD E) was also evaluated for the 
determination of benzene and toluene in aqueous based soft drinks. No 
additional optimisation experiments were performed and extraction was 
performed at 30 "C with 25 extraction strokes. 
2.3.1.3 Headspace-SPDE 
The use of SPDE fo r headspace sampl ing at 30 "C was also briefly 
investigated, initially for furan and later for furan, benzene and toluene. As 
with the liquid injections, standards were initially prepared by spiking into 
water. Repeat injections were performed to show the extraction of both furan 
and furan-d, (Figure 2.8). 
250000 
Injection number (same vial) 
--Furan 1m'Z68) ....... D4 Furan (m'Z 12J 
Figure 2.8 Furan and furan -d, response following multiple injections (HS-SPOE) of 10 
ml spiked water (0.05 /1g mr' furan and 0.01 f19 mr' furan-d,). Extraction at 30 'C, 
strokes of 50 /11 s' for 20 cycles. Oesorption with 2 ml helium at 200 /11 s' at 150 'C. 
The number of extraction cycles was optimised and 20 extraction cycles was 
chosen as the optimum for headspace-SPDE at 30 "C (Figure 2.9). 
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Figure 2.9 Furan response for different number of extraction cycles (HS· SPDE) for 
0.05 pg mr' furan in water. Extraction at 30 'C, strokes of 50 pi s" for given number of 
cycles. Desorption with 2 ml helium at 200 pi s" at 150 'C. 
For the determination of furan, benzene and toluene, the number of extraction 
cycles for headspace-SPDE was initially optimised for each analyte. This 
showed similar trends to the experiments in liquid·SPDE (Fig. 2.7), but 
generally less extraction time (i.e. fewer cycles) were needed to reach 
equilibrium . However, in order to directly compare the extraction methods, the 
same number of extraction cycles (i.e. 25) was used for headspace-SPDE as 
for direct liquid-SPDE . 
For the determination of benzene and toluene, the temperature and number of 
extraction cycles was optimised. The optimum number of extraction strokes 
was determined to be 20, although very little difference in response for 
benzene was observed (Fig 2.10) and the optimum extraction temperature 
was found to be 70 'C (Fig 2.11 ). 
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Figure 2.11 Oplimisalion of extraction temperature (HS·SPDE) lor benzene and 
toluene lor water sample (10 ml spiked at 0.05119 mr') . Strokes 0150111 s· , lor 20 
cycles. Desorplion with 2 ml helium at 200 11' s·, at 150 'C. 
The use of PDMS/10% activated charcoal coating as an alternative SPDE 
extraction phase was also briefly evaluated for the determination of benzene 
and toluene in water and an aqueous based soft drink. 
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The extraction temperature was maintained at 70 "C, and the optimum 
number of extraction strokes was determ ined to be 30 (Fig 2.12). 
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Figure 2.12 Optimisation of number of extraction cycles (HS·SPDE) for benzene and 
toluene with PDMSIAC coating for water ( IOml) spiked at 0.05 J1g mf'. Extraction at 
70 'C, strokes of 50 J11 s·' for given number of cycles. Desorption with 2 ml helium at 
200 J11 s·' at 150 'C. 
For later work on the determination of BTEX compounds, the optimum 
extraction temperature was found to be only 30 "C for HS-SPDE extraction 
with a pre-extract ion incubation of 10 minutes. For the PDMS phase (Fig. 
2.13), although the response dropped as the temperature was raised above 
30 "C, the response was observed to increase again. It was concluded that, 
using the HS·SPDE device, some analytes could be trapped in the void lumen 
of the need le and therefore some response due to headspace sampl ing was 
obseNed. The effect was less apparent for the mixed PDMS/AC phase 
coating (Fig. 2. 14), possibly due to the combination of both absorption and 
adsorption extraction mechanism . Another factor to consider is that the 
system controls the temperature of the syringe body and not the needle and 
the syringe temperature was set at 10 "C higher than the extraction 
temperature during all experiments. 
The optimum number of extraction cycles for HS-SPDE to give the maximum 
signal size at the optimum temperature was determined to be 15 extraction 
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strokes for the PDMS/AC phase (Fig. 2.15) and 20 extraction strokes for the 
PDMS phase (Fig. 2.16). 
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Optimisation of Desorption 
The desorption volume and desorption plunger speed can have a significant 
effect on chromatographic performance and recovery for HS-SPDE, as 
discussed by Bicchi et al. [289] . The optimum desorption volume in the GC 
injection port in this study was found to be 1 ml at a rate of 100 111 s·' and a 
desorption temperature of 200 'C (Figure 2. 17). These parameters gave the 
largest responses without compromising the chromatographic performance. A 
higher (2 ml) desorption volume gave poor peak shapes for benzene and 
toluene. A fast desorption rate with a low initial GC oven temperature was 
used in order to reduce band broadening. It should be noted that due the 
column being used, the maximum desorption temperature investigated was 
200 'C. 
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2.3.2 Method evaluation and comparison 
The performance of a method is assessed by examining criteria such as 
specifici ty, accuracy, precision, and linearity, limits of detection and 
quantification, and uncertainty. Each of these parameters was assessed by 
spiking water or soft drink samples with standard solutions. Each method was 
assessed for these parameters on one occasion and th is approach was 
considered adequate to allow for a comparison of the methods. For fu ll 
method validation as described by ISO 17025 standards (BS/EN/ISO/IEC 
17025 [328]), results from more than one occasion are generally required. 
Accuracy was assessed by recovery from spiked samples. The expected 
accuracy varies with the analyte concentration and acceptable recovery 
values as a funct ion of concentrations are given in Table 2.3 (defined by a 
standard operating procedure [329] and calcu lated using the Horwitz 
equation). It shou ld be noted that when an internal standard is used for 
quantitat ion these values should be closer to 100%. Precision was assessed 
by calcu lating the relative standard deviation (coefficient of variation) and is 
also concentration dependant. An estimate of precision for an analytical 
method can be predicted using a modified form of the Horwilz equation [55]. 
% RSOr = 0.67 x 2 (1·0.5k>gC) 
Where C is the concentration expressed as a decimal fraction. This is 
generally used to represent the predicted interbatch precision (i.e. analysis on 
more than one occasion), but in this study was mainly used for intra-batch (i.e. 
analysis in the same run). 
% RSO values below those predicted (Table 2.3) were considered acceplable. 
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Table 2.3: Expected Accuracy and precision Values: 
Expected mean Predicted Interbatch 
Analyte concentration C 
recovery (%) precision (% RSD, CV) 
100 mg kg' (100 pp m) 10' 90·107 5 
10 mg kg ' 10"' 80·110 7 
1 mg kg" 10~ 80·110 10 
1 00~gkg' (100ppb) 10' 80·11 0 15 
10 ~g kg' 10'0 60·115 21 
1 ~g kg" 10" 40·125 30 
The uncertainty in a method can also be estimated using the relative standard 
deviation and again is concentration dependant. It can be calculated using the 
following equation: 
Uncertainty at given concentration (C) = C ± (K x RSD/l00) x C 
Where C = measured concentration of the analyte (as a decimal fraction ) 
K = factor representing the critical value of the two-tai led Students t-test at the 
95% confidence interval. 
RSD = relative standard deviation. 
The value of K depends on the number of values (n) used to calculate the 
RSD and is taken as 2 providing the number of degrees of freedom (n- l ) is > 
6. Where n-l is less than 6, the fol lowing values of K should be used: (n -l) = 
5, K = 2.6, (n-l ) = 4 K = 2.8, (n-l) = 3, K = 3.2, (n-l) = 2 K = 4.3. This 
uncertainty can also be expressed as a percentage of the analyte 
concentration. 
Linearity was assessed using both standards in water and in matrix (standard 
additions where no blank matrix was available). At least five concentration 
levels were plotted and a calibration line with R' > 0.98 was considered 
acceptable. 
The limit of detection can be defined as the lowest concentration of analyte 
that can be detected and reliably distinguished from the noise level of the 
system, but not necessari ly quantified [330] and several methods can be used 
to calcu late this value. For chromatographic techniques (as in this study) the 
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most common definition is three times the noise level [331]. Other methods 
include blank values plus three times the standard deviation, and errors 
associated with the calibration line [332]. In trace level analysis a small 
response for a 'blank' sample is not uncommon, particularly for ubiquitous 
contaminants naturally present in the laboratory environment. Therefore, 
although measurement may be possible down to very low levels, care should 
be taken reporting values, as accurate quantitation and mass spectral 
confirmation with secondary m/z ions can be difficult. A pragmatic approach, 
wh ich often proves more useful, is to use the limit of determination or 
quantitation (LOO) and to not quote calculated values below the defined LOO. 
The LOO in this study was taken as the lowest fortification/spiking level that 
was observed to give an acceptable degree of accuracy and precision (as 
defined in Table 2.3). It should be noted that as only a finite number of 
concentrations were spiked actual quantitation limits may be much lower than 
those estimated. 
2.3.2.1 Determination of furan, benzene and toluene 
In itially the use of SPDE was evaluated for the determination of furan in water. 
Direct immersion SPDE, with the use of a labelled furan internal standard 
showed good reproducibility with RSD (%) of < 5% (n = 4) . A linear calibration 
plot was obtained in water over the range 0.5 . 500 ~g r' (ppb) . Similarly 
using headspace-SPDE good reproducibility (RSD < 5%) was obtained for 
the determination of furan. The calibration plot showed a linear response over 
the range 1 . 233 ~g r' (ppb). 
SPDE was then evaluated for the determination of furan in an example matrix 
(tomato based sauce) using the method of standard additions. For liquid· 
SPDE, the samples were centrifuged and filtered prior to analysis. A very poor 
response was obtained, particularly for the internal standard, which meant the 
data could not be processed. This was later attributed to the fi ltration step 
resulting in a loss of analyte and no further work was performed on this matrix . 
A comparison of static headspace vs headspace·SPDE for the determination 
of furan in a tomato based sauce, showed a slight increase in response for 
furan , and also a decrease in response for furan· d, . However, it should be 
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noted that as the analysis was performed on different days, this could just be 
due to handling of standards or instrument variability. The improved response 
for furan was more noticeable at the higher spiking levels, which can be seen 
by fitting a standard additions plot to both extractions (Figure 2. 18). 
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Figure 2.18 Comparison of direct static headspace (OHS) and HS-SPOE for the 
determination of furan following incubation at 30 'C for 10 minutes using standard 
additions for a tomato based sauce sample (1 g) + 10 ml water. 
Using standard additions, the methods would give similar values of fu ran in 
the sample (3.5 ppb for HS-SPDE and 4 ppb for direct static headspace). 
These values would be within experimental error (based on estimated 
uncertainty) using the predicted precision values in Table 2.3. 
Following further work, a comparison was made of the techniques for the 
determination of furan, benzene and toluene in aqueous solutions including 
both direct immersion liquid-S PDE sampling, HS-SPDE and direct static 
headspace (DHS) at 30'C. This work was presented at Extech as a poster in 
2006 (Appendix 1) and has been published in Journal of Chromatography A 
[237]. 
The relative yields of each technique, represented by peak areas for the three 
analytes, and reproducibility are shown in Table 2.4. It should be noted that 
the reproducibili ty was based on single native ion response for comparison, 
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the use of ion ratios with internal standard should improve the precision (as 
used in later experiments). The RSD (%) values were used to estimate 
uncertainty at 50 >lg I", and these are also given in Table 2.4. 
Table 2.4: Comparison of area response, reproducibility (n~ 1 0) and estimated 
uncertainty from GC-MS SIM using different extraction techniques for the 
determination of furan, benzene and toluene in water fortified at 50 pg r' 
Furan (mlz 68) Benzene (mlz 78) Toluene (mlz91) 
Liquid-SPDE 
Response (RSD) 274574 (RSD 4.4 % ) 2931473 (RSD 2.5 %) 8132400 (RSD 5.7 %) 
Uncertainty 50 ± 4.4 I1g r (8.8 %) 50 ± 2.5 119 r (5 %) 50 ± 5.7 I1g r (11.4 %) 
Headspace-SPDE 
Response (ASD) 147644 (RSD 3.6 %) 1753310 (RSD 3.4 %) 4318824 (RSD 3. 2 %) 
Uncertainty 50 ± 3.6 I1g r (7.2 %) 50 ± 3.4 119 r (6.8 %) 50 ± 3.2 119 r (6.4 %) 
DHS 
Response (RSD) 288920 (RSD 11 .0 %) 879962 (RSD 11 .2 %) 1083430 (RSD 10.8 %) 
Uncertainty 50 ± 11 119 r (22 %) 50 ± 11.2 119 r (22.4 %) 50 ± 10.8119 r (21.6 %) 
A range of calibration standards containing the target compounds in water 
were analysed using the three techniques: - liquid-SPDE, headspace-SPDE 
and direct static headspace extraction under equivalent conditions. The 
calibration data and estimated limits of detection (based on 3 x baseline noise 
for the GC-MS quantitation ion) are summarised in Table 2_5. 
Table 2.5: Linearity and sensitivity data lor luran benzene and toluene using OHS and 
SPOE. Calibration standards prepared in water, (Fi' value lor linear range and LOO 
estimated based on 3 x baseline noise). 
Fu ran Benzene Toluene 
(ml z68) (miz78) (miz 91) 
Liq-SPDE Linear range (~g r ) 1-25 1-25 1-50 
Estimated LOD (~g r ) 0.64 0.48 0.17 
R 0.9959 0.9947 0.9965 
HS-SPDE Linear range (~g r ) 1-50 1-25 1-25 
Estimated LOD (~g r ) 1.5 0.4 0.48 
R 0 .9895 0.9980 0.9980 
DHS Linear range (~g r ) 1-25 1-25 1-25 
Estimated LOD (~g r ) 0.26 1 2.3 
R 0 .9983 0 .9961 0.9959 
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A greater variation in reproducibility was noted for static headspace analysis, 
possibly because only a single aliquot ot headspace was injected in each 
determination. 
Liquid-SPDE extraction gave good responses for all three analytes although 
the sensitivity for furan was similar to that obtained from the static headspace 
measurement. However, the headspace-SPDE method appeared to be 
unsuitable for highly volatile analytes and showed a reduced response 
compared to direct static headspace for turan. The responses for benzene 
and toluene indicated that headspace-SPDE increased the sensitivity and 
similar results were obtained when using the liquid extraction mode. 
It should be noted that these results were obtained using the conditions 
selected for the simultaneous determination of al l three analytes to enable 
direct comparison. This means that the optimum number of extraction strokes 
was not used for each of the compounds so equilibrium conditions might not 
have been used for each analyte. Further improvements in sensitivity and 
linear range would be possible if the conditions were optimised for the 
individual analytes. Other SPDE parameters, such as desorption volume and 
fill speed, were not optimised in this set of experiments and were kept 
consistent to allow for a direct comparison with direct static headspace 
analysis. 
As the SPDE technique looked promising for some analytes in water, 
experiments were extended to look at the determination of these analytes in a 
soft drinks matrix. As no increase in sensitivity was observed for the 
determination of furan in water, this analyte was not included in the 
subsequent experiments. 
2.3.2.2 Determination of benzene and toluene in soft drinks 
As discussed earlier in this chapter, the unintentional presence of organic 
solvents in food and beverages can originate from a number of sources and 
one reported source is the formation of benzene in soft drinks. 
98 
Chapter 2 Evaluation of SPDE 
Following optimisation, a fu ll method validation was performed for the 
determ ination of benzene and toluene in aqueous based soft drinks using 
static headspace. The method was validated to the level required to obtain 
BS/ EN/ISO/IEC 17025 accreditation [328] under a flexible scope, as 
administered by the United Kingdom Accreditation Service (UKAS). 
Standards were prepared in water and sample matrix. Linear calibration plots 
were obtained with all R' values greater than 0.9986. 
Mean recoveries for samples fort ified at 0.5, 5 and 20 I1g r' (calculated by 
response ratio to internal standard) and precision data are shown in Table 2.6. 
Validation was performed on several days and the inter batch RSD represents 
the precision achieved over all occasions. The uncertainty at each 
concentration is estimated based on this RSD, using a 95 % confidence level 
and 2 tailed Hest. This means for example, for a sample containing a 
concentration of 5 I1g r' the method uncertainty would give a resu lt of 5 ± 8.7 
% for benzene and 8. 1 % for toluene (giving values in the range 4.6-5.4 I1g r' 
for both analytes). 
Table 2.6: Summary of validation data obtained for static headspace determination of 
benzene and toluene in aqueous based soft drinks. 10 ml sample + 5 9 sodium 
sulphate in 20 ml vials with incubation at 60 'C for 15 minutes (500 rpm), 1 ml 
headspace injected. 
Fortified Analyte Mean recovery (%) 
Inter-batch RSD Uncertainty (%) 
concentration (n=12) 
Benzene Toluene Benzene Toluene Benzene Toluene 
0.5 ~g r 92.75 100.67 2.52 6.87 5.05 13.74 
5 ~g r' 98.25 98.25 4.37 4.06 8.74 8.12 
20 ~g r 99 .50 99.3 1 2.66 3.28 5.32 6.56 
The LOO (lowest level at which validation was performed) for the method was 
0.5 I1g 1" . The use of the headspace-SPDE was then evaluated and compared 
to the ful ly validated static heads pace procedure. 
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Headspace-SPDE 
Calibration standards were prepared in water and an aqueous based soft 
drink. Linear plots were obtained in the range 0.1 -30 >lg 1" ' for benzene and 
toluene, as illustrated in Figures 2.1 9 and 2.20. Statistical analysis (F-test) on 
the regression data showed no significant matrix effects for benzene or 
toluene, i.e. no significant difference (at the 5% level) between the calibrations 
in water and the soft drink sample. 
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Figure 2.19 Calibration plot for benzene in water and soft drink sample using 
headspace - SPDE (10 rnl sample + 5 g sodium sulphate in 20 ml vial), at 70 ° C with 
20 extraction cycles at 50 f11 s '. Desorption with 2 ml helium at 200 f11 s' at 150 'C. 
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Figure 2.20 Calibration plot for toluene in water and soft drink sample using 
headspace -SPDE (10 ml sample + 5 g sodium sulphate in 20 ml via/), at 70 0 C with 
20 extraction cycles at 50 fll 5 · '. Desorption with 2 ml helium at 200 fll 5 ·/ at 150 'C. 
Recoveries between 91 and 98% were obtained for duplicate samples fortified 
at 0.5, 5 and 20 I1g 1" ' . Reproducibility was good with RSD below 10 % for both 
benzene and toluene (n=1 0), and an estimated uncertainty at 5 I1g 1" ' of ± 0.64 
(12.8 %) for toluene and ± 0.68 (13.6 %) for benzene. The use of the 
PDMS/10% Carboxen extraction phase also gave linear calibration plots for 
benzene and toluene but no further method evaluation was performed at this 
stage (the use of this phase was later investigaled for determination of BTEX 
in soft drinks 2.3.2.3). 
Liquid-SPDE 
A loss in sensilivity was noted for liquid-SPDE extraction probably due to 
losses caused by the washing/drying step incorporated after extraction. No 
response was observed below 1 I1g I·' (ppb). Linear calibration plots were 
obtained in Ihe range 1- 30 I1g 1" ' with R' values greater than 0.98 (Figures 
2.21 and 2.22). Some difference was noted between the response for 
standards prepared in water and in the soft drink sample and statistical 
analysis (F-test) on Ihe regression data showed evidence of matrix effects, i.e. 
10 1 
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there was a significant difference (at the 5% level) between the calibrations in 
water and soft drink. 
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Figure 2.21 Calibration plol for benzene in waler and soft drink sample using liquid -
SPDE. (10 ml sample in 10 ml vial), al 30 ' C wilh 25 extraction cycles al 50 Il's·'. 
Desorplion wilh 2 ml helium al 200 III s·/ al 150 'C. 
"0 
120 
.00 
'" 
., 
a; 
~ 80 
. g 
" 
60 
• ~ 
0 
lE 
'0 • a: 
20 
0 
0 
" 
• 
" 20 
Concentration (1-19 1" , ppb) 
• waler • SolI dmk 
y .. J.6385~ .. \.9483 
Ft .. 0 .9973 
• 
y .. 3.1371x '+ \.3442 
R' . 0.9878 
25 30 
Figure 2.22 Calibralion plol for loluene in waler and soft drink sample using liquid -
SPDE. (10 ml sample in 10 ml vial), al30 ' C wilh 25 exlraclion cycles al50 Il's·' . 
Desorption wilh 2 ml helium al200 III 5"' a l 150 'C. 
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Recoveries between 75 and 117% were obtained for duplicate samples 
fortified at 5 and 20 ~g r'. Due to the limited sensitivity of th is method, 
samples spiked at 0.5 ~g I·' gave little or no response. No reproducibility data 
were obtained for Liquid-SPDE in this case, although duplicate standards and 
spikes showed good agreement. 
The effect of matrix was more evident for liquid-SPDE and appeared to be 
concentration dependant, with a greater variation in response as the 
concentration of analyte increased. However, calculating the concentrations in 
the aqueous based soft drink, using calibration standards in water, still gave 
recoveries that would be considered acceptable (at 5 and 20 ~g r ' ), according 
to the values in Table 2.3. Expected precision at trace levels is lower and this 
must be considered when assessing analytical methods and their fitness for 
purpose. 
The optimised static heads pace method proved to be robust with good 
accuracy and precision. The use of headspace-SPDE gave comparable 
sensitivi ty for toluene, but not for benzene. The estimated limits of detection 
for each technique are given in Chapter Three (Table 3.2) in comparison to 
the use of SBSE. The use of the SPDE system in direct liquid extraction 
mode, gave higher estimated limits of detection, particularly using the extra 
wash and dry step that was requ ired for food and beverage matrices. The 
extraction yield for each technique was compared by plotting the peak area 
response for a sample fortified at 0.5 ~g I·' analysed using each technique 
(Figure 2.23). 
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2000000 
Benzene (m/z 78) Toluene (m/z 91) 
a OHS a Headspace-SPDE (POMS) • Hoadspace-SPOE(PDMSlCARB) _ Uquld-SPDE (POMS) 
Figure 2.23 Comparison of techniques for benzene and toluene in soft drink samples. 
Peak area response for soft drink samples fortified at 0.5 119 r' (10 ml sample + 59 
sodium sulphate in 20 ml vial for static headspace and HS-SPDE, 10 ml sample in 10 
ml vial for Iiquid-SPDEj, Static headspace 60 'C for 15 minutes, HS-SPDE at 70 0 C 
with 20 exlraclion cycles at 50 111 s·' . Liquid-SPDE at 30 'C for 25 cycles. Desorplion 
with 2 ml helium at 200 111 s·, at 150 'C. 
2.3.2.3 Determination of BTEX in soft drinks 
It was decided to extend the validated direct headspace method for the 
determination of benzene and toluene in soft drinks to cover ethylbenzene 
and 0, m and p-xylene (BTEX solvents) and the use of HS-SPDE was then 
evaluated using two diHerent coatings. Direct immersion (Iiquid-SPDE) was 
not investigated further. 
Direct headspace 
Using the method in the previous sections, calibration plots were constructed 
over the range 0.01 to 5 ~g r' for all analytes, using isotopically labelled 
internal standards for benzene and toluene (suitab le internal standards were 
not available for ethyl benzene and xylenes). Linear calibration plots over the 
range 0.01 to 5 ~g I·' were obtained for the static headspace method, for both 
water and soft drink samples; with R' values greater than 0.995. Performing 
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statistical analysis on the regression data (F-tests) , there was a difference (at 
the 5% level) between calibrations prepared from water and the soft drink 
sample. However, the difference was not considered large enough to be of 
importance, taking into account the expected accuracy and precision values 
(Table 2.3) for trace analysis. Recovery data were calculated using both the 
standard plot prepared from extraction of the calibration standards in water 
and in the soft drink sample (Table 2.7) and all recoveries were within the 
acceptable range (Table 2.3). 
Table 2.7: Recoveries of BTEX compounds from spiked soft drink samples using 
OHS. Static headspace 70 'C lor 15 minutes. Recoveries calculated using both water 
and salt drink calibration plots (internal standard used for benzene and toluene) 
Recovery (%) 
Fortified analyte a- m- p-
Benzene Totuene" Ethylbenzene 
concentration Xylene Xylene Xylene 
Water calibratio n 
0.1 ~g r' (n=2) 106.9 87 .7 93.9 89.1 92.3 
0.5 ~g r (n=4) - 88.5 91.6 95 .4 91.3 89.2 
1 ~g r (n=2) 101.1 - 89.5 91.5 88.8 91.9 
5 ~g r (n=2) 98.2 - 90.4 90.3 88.6 91.7 
Soft drink sample (matrix matched standards) 
0. 1 ~g I· (n=2) 102.4 - 11 0.0 106.1 107.1 106.8 
0.5 ~g I· (n=4) 94.8 97.6 94.4 94.2 96.9 
1 ~g r' (n=2) 99.4 95.3 95.5 93.9 95.9 
5 ~g r (n-2) 98.1 106.5 108.0 106.7 106.8 
" Due to problems wIth blank levels, no recovenes could be calculated for toluene. 
The method had previously been validated for toluene (duplicate spikes extracted in 
la ter experiment for direct comparison with other extraction methods). 
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Headspace-SPDE 
Both coatings (PDMS/AC and PDMS) gave successful extraction using the 
HS-SPDE method, although Ihe PDMS/AC coating generally gave a larger 
response. Linear calibralion plots were obtained over the range 0.01 to 5 I1g 1" ' 
(R' >0.995) for both water and a soft drink sample. Perform ing statistical 
analysis on the regression data (F-tests), there was a difference (at the 5% 
level) between calibrations prepared from water and the soft drink sample for 
ethylbenzene and 0, m, and p-xylene, but not for benzene and toluene. 
However, as discussed for the headspace method, the difference was not 
considered large enough to be of importance. Recovery data were calcu lated 
using both the standard plot prepared from extraction of the calibration 
standards in water and in the soft drink sample (Tables 2.8 and 2.9) and all 
recoveries were within the acceptable range (Table 2.3). 
Table 2.8: Recoveries of BTEX compounds Irom spiked soft drink samples using HS-
SPDE with PDMS coating. HS-SPDE at 30 · C with 20 extraction cycles at 50 pI s'. 
Desorption with 1 ml helium at 100 pi s' at 200 'C. Recoveries calculated using bott1 
water and soft drink calibration plots (internal standard used for benzene and toluene) 
Recovery (%) 
Fortified analyte 0- m- p-
Benzene Toluene' Ethylbenzene 
concentration Xylene Xylene Xylene 
Water calibration 
0.1 ~g r (n=2) 123.6 - 90.0 99.8 99.2 84.7 
0.5 ~g r (n=2) 11 2.8 - 88.6 91.3 87.8 88.0 
1 ~g 1-' (n=2) 11 6.0 - 86.5 85.8 85.1 85.3 
5 ~g r (n=2) 111 .9 - 91.3 89. 5 90.0 89.6 
Soft drink sample (matrix matched standards) 
0. 1 ~g I- (n=2) 11 9. 1 93.4 71.9 74.7 86.5 
0.5 ~g r (n=2) 112.3 96 .2 94.9 90.9 96.1 
1 ~g r (n-2) 11 6.0 - 94.4 92.8 91.3 93.9 
5 ~g r (n=2) 112.2 - 100.0 100.2 99.6 99.2 
Due to problems with blank levels, no recovef/es could be calculated lor toluene. 
(duplicate spikes extracted in later experiment for direct comparison with other 
extraction methods). 
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Table 2.9: Recoveries of BTEX compounds from spiked soft drink samples using 
optimised HS-SPDE method with PDMSIAC coating. HS-SPDE at 30 · C 15 extraction 
cycfes at 50 11' s" . Desorption with 1 ml helium at 10011' s" at 200 'C. Recoveries 
calculated using both water and soft drink calibration plots (internal standard used for 
benzene and toluene) 
Recovery (%) 
Fortified analyte 0- m- p-
Benzene Toluene' Ethylbenzene 
concentration Xylene Xylene Xylene 
Water ca libration 
0.1 1'9 r (n~2) 97.5 - 84.2 94.5 71 .1 74.0 
0.5 1'9 r (n-2) 92.9 - 83.9 83.4 77.4 77.6 
1 1'9 I' (n_2) 97.7 - 81.5 84.2 75.7 74.8 
51'9 I" (n~2) 99.1 - 81.7 79.7 78.4 75.3 
Soft drink sample (matrix matched standards) 
0.1 1'9 r (n-2) 93 .0 - 95.0 61.4 79.8 86.8 
0.5 1'9 r (n-2) 92.3 - 103.8 98.1 99.8 103.9 
1 1'9 r' (n ~2) 97.6 101.9 105.5 98.9 101.7 
51'9 r' (n~2) 99.4 - 103.0 104.6 103.5 103.6 
, Due to problems with blank levels, no recovenes could be calculated for toluene. 
(duplicate spikes extracted in later experiment for direct comparison with other 
extraction methods). 
Following optimisation of the techniques a comparison of performance was 
made using spiked soft drink samples. This work was presented at Extech in 
2007 (Appendix 1) and has been published in Journal of Chromatography A 
[333J. 
Samples were extracted in the same GC-MS ru n to allow a direct comparison 
of response and accuracy assessed using the recoveries obtained fo r 
duplicate spikes at 0.51-'g 1" (Table 2 .1 0). Recoveries were calculated from a 
soft drink calibration plot (matrix matched standards). 
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Table 2 .10: Comparison of techniques. Recoveries of BTEX compounds from 
duplicate spiked soft drink samples (0.5 ~g r') using optimised static headspace and 
headspace SPOE methods. Static headspace 70 'C for 15 minutes, HS-SPOE at 30 0 
C with 15 or 20 extraction cycles (POMSIAC and POMS coatings) at 50 {1f 5'. 
Oesorption with 1 ml helium at 100 {11 5' at 200 'C. Recoveries calculated using 
calibration standards prepared in soft drink sample (matrix matched standards, no 
Internal standard used). 
Recovery (%) 
0- m· p-
Benzene Toluene Elhylbenzene 
Xylene Xylene Xylene 
96.7 103.9 92. 1 85.2 98.7 93 .0 
OHS 
95.1 101.2 88.7 84.3 95.1 91.7 
HS-SPOE 93.7 96.3 98.5 64.8 100.3 99.5 
(PDMS/AC ) 97.9 97.0 98.7 67 .2 96 .9 95.2 
HS-SPDE 83.8 77.5 91.1 91.1 90 .4 88.4 
(PDMS) 102.4 106.2 99.0 98.9 101.6 96.4 
Repeatabilily was measured using RSD (%) values for samples spiked at 0.5 
~g r' (n=10) and was <10% for all analytes (Table 2. 11 ). The uncertainties 
were estimated for all analyles at th is concentration and calcu lated values are 
also given in Table 2. 11 . 
Table 2.11: Reproducibility (based on peak area response) and estimated uncertainty 
lor BTEX in soft drink samples spiked at 0.5 ~g (' using OHS and SPOE (conditions 
as Table 2.10) 
Benzene Toluene I Ethylbenzene I o-Xylene m-Xylene p-Xytene 
Direct static headspace 
RSO (%) 2.5 6.3 3.8 2.9 3.0 3.4 
Uncertainly 0.5 119 r ± 0025 ~g r 0.062 ~g r 0.038 ~g r 0.029 ~9 r 0.030 ~g r 0.034 ~g r 
(%) (5.02%) (12.S8%) (7.62%) (5.76%) (6.06%) (6.72%) 
HS·SPDE (PDMSJAC) 
RSD (%) 4.6 4.5 5.3 5.0 5.3 5.3 
Uncertainly 0.5 ~g r ± 0.046 ~g r 0.045 ~g r 0.053 ~g r 0.05 ~g r 0.053 ~g r 0.053 ~g r 
(%) (9.2%) (9%) ('0.6%) (10%) (10.6%) (10.6%) 
HS·SPDE (PDMS) 
RSD(%) 7. 1 6.8 7.0 7.9 7.3 7.5 
Uncertainly 0.5 ).19 r ± 0.071 ~g r 0.068 ~g r 0.07 ~9 r 0.079 ~9 r 0.073 ~g r 0.075 ~g r 
(%) (14.2%) (13.6%) (14%) (15.8%) (14.6%) (15%) 
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The extraction yields for each technique were compared by plotting the mean 
peak area response for samples fortified at 0.5 >1g I" (n=3) (Fig. 2.24). 
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Figure 2.24 Comparison of techniques for BTEX in soft drink samples. Peak area 
response for samples fortified at 0.5 f.1g r' (10 ml sample + 5 9 sodium sulphate in 20 
ml vial) . Static headspace 70 'C for 15 minutes, HS-SPDE at 30 ° C witll 15 or 20 
extraction cycles (PDMSIAC and PDMS coatings) at 50 f.11 s'. Desorption with 1 ml 
helium at 100 f.11 s' at 200 'C. 
The response for the HS-SPDE method was noticeably higher than for the 
direct static headspace method for benzene and toluene. However, no 
difference in sensitivity was apparent when the limits of detection (based on 
the sample which would give a signal three times the noise level) were 
calculated (Table 2.12). This would suggest that along with an increase in the 
amounts of analyte extracted, the background noise was also increasing. The 
PDMS coating has limited extraction selectivity and such sorptive extraction 
techniques have been shown to extract semi-volatiles in headspace sampling 
mode, along with, and sometimes in preference to, the more volati le 
compounds [15]. Direct headspace (at optimised temperatures) may therefore 
resul t in less extraction of such compounds from the sample matrix and 
therefore provide a lower background signal. 
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Table 2. 12 Limits of detection for BTEX compounds from spiked soft drink samples 
using optimised static headspace and headspace SPOE methods (conditions as 
Table 2.10). Calculaled based on signal/noise values for quantitation m/z ions for 
samples spiked at 0.01 /1g r'. 
Calculated LOOs n9 r (based on 3 x signall noise for main m/z 
ion) 
Extraction p- m· 0-
Benzene Toluene Elhylbenzene 
technique Xylene Xylene Xylene 
Direcl sialic 
0.40 0. 10 0.71 0.34 0.81 0.31 
headspace 
Headspace·SPDE 
0.52 0. 10 0.77 0.59 0. 19 0.59 
(PDMS/AC) 
Headspace·SPDE 
0.28 0.03 0.30 0.30 0.20 0.53 (PDMS) 
The limit of quantitation (LOQ), i.e. the lowest level at which recovery data 
were calculated to give an acceptable degree of accuracy, was estimated to 
be 0. 1 I1g 1" for all the techniques. As discussed in 2.3.2, th is was the lowest 
spike level and true quantitation limits are likely to be lower (often estimated 
as 10 times signal to noise values). 
2.4 Discussion 
Direct immersion (Iiquid-SPDE) gave good responses for all the analytes 
investigated (furan, benzene and toluene) , although the sensitivity for furan 
was similar to that obtained from the static heads pace measurement. The use 
of a washing and drying step to reduce contamination of the liquid phase in 
the needle was briefly investigated fo llowing liqu id·SPDE. However, a ten fold 
drop in response was noted for fu ran and a 10% drop for benzene. For the 
experiments performed on the determination of furan in tomato based sauce, 
the additional sample preparation requi red prior to extraction resu lted in 
losses of the analyte. 
The application of the use of the direct immersion SPDE technique for food 
are limited - due to the need for sample homogeneity and the removal of 
particulates prior to extraction. However, for aqueous based liquid samples, 
11 0 
Chapter 2 Evaluation of SPDE 
such as soft drinks, it can provide improved sensitivity for some analytes 
compared to static heads pace at close to ambient temperature (30"C). 
As can be seen from the optimisation experiments, the extraction temperature 
giving the largest response in HS-SPDE (Figures 2. 13 and 2. 14) is generally 
lower than the optimum in direct static heads pace methods (Figure 2.2). 
Similar differences have been observed in previously reported work using 
headspace SPME for BTEX extraction [318] and for other volatile analytes 
with both headspace SPME [327] and SPDE sampling [289] and the 
differences were ascribed to the two competing partitions involved in sorptive 
extraction. Partition coefficients are temperature dependant and an increase 
in temperature leads to more analyte being released into the headspace, the 
coating-headspace partition coefficients decrease and analytes will prefer to 
remain in the heads pace rather than 'extract' onto the coating. Increasing the 
temperature can therefore have a negative effect on response. 
Fol lowing optimisation for the determination of BTEX compounds the 
headspace SPDE extraction from soft drinks was found to be comparable to 
static headspace extraction although slightly lower LOOs were observed for 
benzene, toluene, ethylbenzene and m-xylene. The difference in response 
observed for the different SPDE coatings was more pronounced for benzene 
and toluene (log P = 2. 13 and 2.73, respectively, Table 2.1) than for 
ethylbenzene and the xylenes, possibly due to the higher partitioning of the 
xylenes and ethylbenzene (log P = 3.12 - 3.2). The mixed coating utilizes 
adsorption and partitioning which provides increased extraction for the more 
volati le analytes and those with low log P values. However, there was no 
improvement in limits of detection using the PDMS/AC coating for any of the 
analytes. 
2.5 Conclusions 
The use of the SPDE device gave comparable results to the static headspace 
method for the determination of the BTEX compounds in aqueous samples 
and soft drinks. Although only small improvements in sensitivity were 
observed, for apptications where lower temperatures are required to avoid 
degradation or where breakdown of the sample might give biased results, the 
HS-SPDE method of sampling clearly offers an advantage. 
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The headspace-SPDE method appeared to be unsuitable for highly volatile 
analytes and showed a reduced response compared to static headspace for 
furan. Although not compared directly to fibre SPME, the use of the dynamic 
in-tube system seems to offer little advantage for the applications that were 
studied and large increases in sensitivity were not observed for the example 
compounds. Using the SPDE device in direct liquid sampling (Uquid-SPDE) 
proved to be impractical for most food samples due to the difficulties in 
washing and drying the phase after each extraction. The use of stir bar 
sorptive extraction should overcome this problem as the stir bars can be 
rinsed and dried at ambient temperature prior to analysis following off-line 
extraction. 
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CHAPTER 3 
EVALUATION OF STIR BAR SORPTIVE EXTRACTION (SeSE) FOR 
TRACE CONTAMINANTS IN FOODS 
3.1 Compounds Studied 
Following the evaluation of SPDE, detailed in Chapter 2, the use of stir bar 
sorptive extraction (SBSE) was evaluated for the determination of trace 
contaminants in foods. Example compounds were chosen from those used 
for evaluation of SPDE to enable a direct comparison of techniques and 
details of these contaminants, including possible origins, reasons for concern 
and physical and chemical properties are given in Chapter 2 (2. 1). 
3.1.1 Benzene and Toluene 
Following the validation of a static headspace method for the determination of 
benzene and toluene in soft drinks and the work detailed in Chapter 2 
investigating SPDE, the use of stir bar sorptive extraction (SBSE) was briefly 
investigated for comparison. Only small increases in sensitivity were observed 
using HS·SPDE when compared to static headspace and the increased 
extraction phase capacity provided by SBSE should give better sensitivity 
than the other methods evaluated. 
3.1 .2 Furan 
The reasons for evaluating a method for the determination of furan in foods -
particularly those that can be performed at ambient temperature are outlined 
in Chapter 2 (2. 1.1 ). The work detai led in Chapter 2 showed that furan can be 
extracted into PDMS from aqueous samples. However, the direct immersion 
SPDE technique proved to be impractical for real food samples, due to losses 
incurred when a washing/drying step was included and HS-SPD E did not 
provide an increase in sensitivity for determ ination of fu ran when compared to 
static headspace at close to ambient temperature (30 'C). The use of stir bar 
sorptive extraction (SBSE) was investigated as th is technique can be used for 
a variety of food matrices, extraction is performed at ambient temperature and 
the stir bar can be washed and dried off-line prior to desorption by GC-MS. 
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3.2 Experimental 
The initial work for the determination of benzene and toluene in soft drinks 
using SBSE was performed to provide a comparison to the SPDE methods 
(detailed in Chapter 2) and the direct static headspace procedure. 
The use of SBSE was then investigated for the determination of furan . As 
high levels of furan have been reported in coffee, this was chosen as an 
example matrix for method evaluation. The SBSE method was optimised for 
the extraction of furan from water, validated using a blank coffee brew and 
was then extended to examine a range of food and beverage samples 
(chosen based on those matrices previously reported to contain furan). A 
comparison was made between a static headspace method developed in-
house and the optimised SBSE method. Reagents and apparatus common to 
both sets of experiments are detailed below. 
3.2.1 Reagents 
Methanol was Rathburn glass distilled and ultra-pure water was generated 
from a Nanopure Diamond system (Barnstead International, Iowa USA) . 
Furan, [' H,] (d4-furan), [' H. ] toluene (dB-toluene) , benzene, [' Ho] benzene 
(benzene-d6), (all >9B% purity) were obtained from Sigma-Aldrich Chemical 
Company (Poole, England). Toluene was obtained from Fluka (>99.9%). 
Stock standards were prepared in methanol and diluted to give a range of 
standards for spiking. 
Food and beverage samples were obtained from a local retailer. For method 
validation experiments a blank coffee brew was prepared by dissolving 50 g of 
instant coffee in 500 ml hot ultra-pure water and stirring on an open hotplate 
for several hours prior to cooling. 
3.2.2 Apparatus 
Balance - analytical (5-place) 
Magnetic stirrer - Camlab variomag multipoint HP15 
Headspace vials (10 ml) with silicone/PTFE se pta and metal caps (Kinesis, 
Milton Keynes, UK) . Screw cap (Bakelite) squat glass Jars (40 ml) from VWR 
(Poole England). 
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Gerstel MPS-2 Autosampler (with TDU heater/injector) (Anatune, Hardwick 
UK) connected to an Agilent 5890N Gas chromatograph (Cheadle, UK) fitted 
with a 5973 Mass Selective Detector (MSD) 
Gerstel Twister™ stir bars 10 mm x 0.5 mm or 20 mm x 1 mm fi lm thickness 
(Anatune, Hardwick UK). 
Note: after extraction the stir bars were recondit ioned by soaking in 
acetonitrile/ methanol (80/20, v/v) and desorption at 300 'C for 90 minutes, as 
recommended by the manufacturers. 
3.2_3 Methods 
3.2_3.1 Determination of benzene and toluene 
For SBSE, an aliquot (10 ml) of sample was transferred directly to a screw 
cap vial and spiked with 100 >11 of an internal standard solution (containing 
benzene-d5 and toluene-d8 in methanol) and 100 >11 of an appropriate spiking 
standard. A stir bar (0.5 mm film, 10 mm long) was added to each vial and 
samples extracted on a magnetic stirrer for 50 minutes. Following extraction 
stir bars were removed from the vial and rinsed with ultra-pure water and dried 
on a tissue before inserting into a desorption tube for thermal desorption GC-
MS analysis. 
Apparatus and instrumental conditions 
Thermal desorption unit (TDU) parameters: 
Sample mode: Standard In itial temp 20 'C 
Flow mode: splitless Initial time 0.5 min 
Delay time 1 min 
Rate 50 'C min-' to 150 'C (final time 1 minute) 
Cooled injection system (CIS 4) parameters 
Split mode 
Splitless time 1 min initial temp 10 'C, 
Rate 10 'C s·, to 150 "c (final time 1 minute) 
GC-MS conditions 
Column: HP-Plot Q 0.32 mm x 30 m x 20 >Im fi lm 
(Agilent , cheadle) 
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Oven temperature; 
Carrier gas 
GC-MS transfer line 
Injector 
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40 'C (held for 0.25 minutes) 
then 20'C min" to 240 'C (held for 5 mins) 
Helium at 3.6 ml min" constant flow 
180'C 
splitless, 150 'C 
Mass spectral data were collected in El (+) selected ion mode (SIM, dwell time 
50 ms per ion), acquiring mlz 78, 51 and 50 for benzene, 84 and 56 for 
benzene-d. (m/z 78 and 84 used for quantitation) m/z 65, 91 and 92, for 
toluene and 99 and 100 for toluene-d. (m/z 91 and 99 used for quantitation). 
3.2.3.2 Determination of furan 
Direct Headspace 
The heads pace method employed was based on the reported FDA Method 
[303J and was not optimised as part of this work as it had previously been fully 
validated in-house. Aliquots of sample (0.5 g or 1 g) were weighed directly into 
vials and ultra-pure water added (4 ml). All samples were spiked with 100 >I I of 
1 >Ig mr' internal standard (furan-d4) in methanol and 100 >II of a standard 
solution of furan in methanol if appropriate. The analytes were partitioned into 
the heads pace by heating at 80 'C with agitation for 15 minutes at 500 rpm. 
An aliquot of the headspace vapour (1 ml) was then injected directly into the 
GC-MS. 
SBSE. 
Water/Coffee brew - initial optimisation experiments 
Aliquots (10 ml) of water or coffee brew were transferred directly into screw 
capped vials and spiked with internal standard (100 >II furan-d4 in methanol) 
and if appropriate 100 >II of a spiking standard (furan in methanol). A 
Twister™ stir bar was added and the sample placed on a magnet ic stirrer for 
the defined time. The stir bar was then removed , carefully rinsed with a small 
amount of ultra-pure water, patted dry on a clean tissue and placed in a 
desorption tube for analysis. 
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To adapt the method for use in the di rect analysis of instant coffee powder (or 
granules) , prior to brewing, and other solid or semi-solid matrices, the 
following procedure was fo llowed: 
Solid samples 
Aliquots of the sample (0.5 g) were weighed directly into screw capped glass 
jars and ultra-pure water (5 ml) added. All samples were spiked with 100 III of 
1 Ilg mr ' internal standard (furan-d4) in methanol and if appropriate 100 III of 
a spiking standard (furan in methanol). The stir bar was added and samples 
were sti rred on a magnetic stirrer for 1 hour. Following extraction, the stir bar 
was removed, rinsed with a small amount of ultra-pure water and patted dry 
on a clean tissue before inserting into a desorption tube for analysis. 
For the initial analysis of coffee samples by SBSE, a calibration was prepared 
using a 'blank coffee' to give matrix matched standards (see reagents 3.2. 1). 
This sample was spiked to give method validation data. 
For both static headspace and SBSE all spiking was performed using a 
syringe to deliver the standard solution below the surface of the liquid sample 
and in a timely manner to prevent losses during sample preparation. Standard 
solutions and samples were kept cold over ice throughout the spiking 
procedure. For both extraction techniques, quantitation was performed using 
the method of standard additions. A duplicate 5 point calibration was used 
with samples spiked in the range 23 to 230 Ilg kg" for most samples and 11 5 
to 1150 Ilg kg" for samples with higher furan concentrations. 
Instrumental Conditions 
For SBSE analysis the optimised TDU and CIS parameters were: 
TDU parameters: 
Sample mode: Standard 
Flow mode: splitless 
Initial temp 20 'C 
Initial time 0.5 min 
Delay time 1 min 
Rate 60 'C min" to 200 'C (final time 5 minutes) 
CIS parameters: 
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Solvent vent mode 
Purge time 1.2 min initial temp 10 'C (0.2 minutes), 
Rate 12 'C s·' to 200'C (final time 3 minutes) 
Run time 30 minutes 
GC-MS conditions 
The GC-MS conditions had been previously optimised to enable separation of 
the furan and d4-furan standards and were identical for both extraction 
techniques. 
Column: Ag ilent HP-Plot Q 0.32 mm x 30 m x 20 >tm film 
Oven temperature 35 'C for 0.25 min, then 15 'C min" to 160 'C, 25 'C 
min" to 180 'C, held at 180 'C for 20 minutes 
Carrier gas Helium at 3.7 ml min" constant flow 
GC-MS transfer line 180 'C 
Injector For heads pace spli t injection (2 :1 ) at 180 'C 
For SBSE, splitiess injection (Temperature controlled by 
TDU) 
MS conditions EI+ source temp 230 'C, quad temp 150 'C 
Mass spectral data were collected in El (+) selected ion mode (SIM, dwell time 
50 ms per ion) , acquiring m/z 68, 39 and 29 for furan and 72 and 44 for fu ran-
d4 (m/z 68 and 72 used for quantitation). 
3.3 Results 
3.3.1 Optimisation Experiments 
3.3.1.1 Determination of benzene and toluene in soft drinks 
The SBSE method was optimised for the determination of benzene and 
toluene in an aqueous based soft drink sample. To determine the optimum 
extraction time, samples were extracted for 30, 60, 90, 120 minutes and 
overn ight using standard Twister™ sti r bars (0.5 mm x 10 mm). The optimum 
extraction time for the native compounds and correspond ing labelled internal 
standards was between 60 and 90 minutes (Figure 3.1 ). 
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Figure 3. 1 Optimisation 01 SBSE extraction times lor benzene and toluene in salt 
drinks. Sample (10 ml) spiked at 0.5 /1g , ' . Extracted with stir bars (0.5 mm x 10 mm) 
at 500 rpm and room temperature for a range 01 extraction times (1110 minutes 
corresponds to an overnight extraction). TDU in standard mode, split/ess, initial temp 
20 'C (0.5 minutes), delay time 1 min then ramp 60 'C min"' to 150 'C (1 mins) 
Transfer temperature was 150 'C. CIS parameters: split mode, 10 'C then 10 'C min·' 
to 150 'C (1 minutes). GC-MS conditions as section 3.2.3.2. 
There was only a small increase in response using extraction times greater 
than 60 minutes (with the exception of toluene for which the area response for 
90 minutes appeared anomalous). As a rapid method was required, and the 
increase was not considered sufficient to justify a longer extraction time, an 
extraction time of 60 minutes was used. All extractions were performed at 
ambient temperature, and no optimisation of sample volume or desorption 
parameters was performed in this case. 
3.3.1.2 Determination of furan 
Initial optimisation of the SBSE method for furan was performed using spiked 
water. To determine the optimum extraction time, samples spiked at 5 >lg 1-' 
were extracted for 30, 60, 90, 120 minutes and overnight (approximately 15 
hours). The overnight extraction gave the greatest response, but this was not 
considered practical for this application and an extraction time of 60 minutes 
was chosen as the response did not increase further using 90 or 120 minutes 
extraction (Figure 3.2). 
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Figure 3.2 Optimisation of extraction time for the determination of furan. Water 
sample (10 ml) spiked at 5 /1g f ' and extracted at room temperature using 10 mm x 
0.5 mm film Twister TM stir bar. Instrumental conditions as Figure 3. 1. 
Following optimisation of extraction time, different coating thickness and 
lengths of stir bar were investigated. One long stir bar (20 mm x 1 mm film 
thickness) gave better extraction (i.e. a higher area response) than two small 
ones (equal volume of coating), probably due to inefficient stirring (the two 
small ones stuck together) . Using the PDMS coating, the analytes are 
expected to partition into the bulk phase, rather than adsorbing onto the 
surface (essentially a liquid-liquid partition). Extraction efficiency depends on 
diffusion of the analytes through the sample into the coating, so the area of 
coating exposed to the sample and the flu idity of the sample and efficiency of 
stirring are important factors. 
In order to improve sensitivity, different injection parameters were 
invest igated. The CIS injector gave a better response in solvent vent mode 
when compared to split injection. In solvent vent mode the CIS was 
comparable to splitless injection. Using the CIS in solvent vent mode allows 
more sample to be transferred onto the GC column wh ilst maintaining the flow 
required for desorption in the TDU. 
The transfer and desorption parameters were also adjusted following initial 
analysis as some carry-over was observed on repeat desorption of the same 
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stir bar. Desorption parameters were optimised by analysing replicate water 
samples spiked at 10 >1g r', comparing area response for the initial analysis 
and also performing repeat desorption of the same stir bar to assess carry-
over (Figure 3.3). 
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Figure 3.3 Optimisation of desorption parameters for the determina tion of furan by 
SBSE. Water sample spiked at 10 I1g r' and extracted at room temperature for 60 
minutes at 500 rpm using 20 mm x 1 mm film Twister™ stir bar. CIS in solvent vent 
mode, TDU methods g iven below other instrumental conditions as Figure 3. 1. 
For all methods initial temp 20 <C (0.5 minutes), delay time 1 min then; 
(A) Ramp 60 'C min"' to 200 'C (5 mins) (B) Ramp 120 'C min" to 200 'C (5 mins) 
(C) Ramp 240 'C mh' 10200 'C (5 mins) (D) Ramp 60 'C min" to 250 'C (5 mins) 
(E) Ramp 120 'C mh' to 250 'C (5 mins) (F) Ramp 240 'C min" to 250 'C (5 mins) 
(G) Ramp 60 'C min" to 200 'C (to mins) (H) Ramp 60 'C min" to 200 'C (5 mins) then 
second ramp 60 I(; min"' to 200 CC (5 minsj 
A ramp of 60 "C min" to 200 "C for 5 minutes was chosen as the optimum 
desorpt ion parameters (method (A) in Figure 3.3) as this gave the best 
response and least carry over on repeat desorption. The carry over equated to 
approximately 2 % and was therefore considered acceptable (percentage 
based on area response compared to first desorption). No carry over was 
observed in the system when running blank tubes. 
Following evaluation of the method for coffee brew, using the same method 
developed for extraction from water, several adjustments were made to the 
method to improve sensitivity. This was necessary to achieve lower limits of 
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detection for coffee granu les or powder samples as supplied rather than from 
the coffee brew. The sample volume was reduced to 5 ml to increase 
theoretical recovery. Using the Twister Recovery Calcu lator software 
(Gerstel), predicted recoveries with a 20 mm x 1 mm twister for furan (log 
Ko/w 1.34 [316]) , for a 10 ml sample, should give 21.6 % recovery and for a 5 
ml sample 35.5 %. It should be noted that for 1 ml sample size the predicted 
recovery wou ld be 73.4 %, but due to the size of the twisters and the nature of 
the samples, it was difficult to stir this volume of sample efficiently. The 
proposed 0.5 - 1 g of the coffee sample, wou ld be difficu lt to dissolve in such 
a small volume of water (1 ml) and would probably introduce more matr ix 
effects. It is important that the sample is fluid to enable a repeatable 
equilibrium to be achieved [315J. 
Optimisation experiments were performed using a blank coffee brew sample 
spiked to give equivalent to 50 >1g kg" in coffee (1 g taken into 5 ml). Replicate 
samples were extracted and no increase in response was observed using 
extraction times of greater than 60 minutes (Figure 3.4) . 
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Figure 3.4 Optimisation of extraction time for SBSE of furan in coffee. Coffee brew 
sample spiked at 50 I1g kg" and extracted at room temperature for different extraction 
times at 500 rpm using 20 mm x 1 mm film Twister™. TDU in sample remove mode, 
sp/it/ess initial temp 20 'C (0.5 minutes), delay time 1 min then ramp 60 'C min" to 
200 'C (5 mins) Transfer temperature was 250 'C. CIS parameters: solvent vent, 
temperature, 10 'C (0.2 mins) then 12 'C min" to 200 'C (3 minutes). GC-MS 
conditions as section 3.2.3.2. 
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An estimation of absolute recovery of furan from a spiked coffee sample was 
made by repeat extractions from the same sample using a fresh twister 
(Figure 3,5), 
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Figure 3,5 Estimation of recovery from coffee sample using SBSE. Cumulative area 
of repeat 1 hour extractions from the same sample (and percentage taking total after 
six extractions as 100%), Sample and conditions as Figure 3.4, 
Data suggest a recovery of around 39% was achieved from a sing le 1 hour 
extract ion, As with all equilibrium based techn iques, exhaustive extraction is 
not requ ired and the use of the furan·d4 standard enabled accurate 
quantitation, without the need for absolute recovery, 
3.3,2 Method evaluation and comparison 
3.3.2.1 Determination of benzene and toluene - method performance 
For the SBSE method, linear calibration plots for spiked soft drinks were 
obtained in the range 0,1 - 1 ° >1Q 1" with R2 values greater than 0,996 
(Figures 3,6 and 3,7), 
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Fig ure 3.6 Calibration plot for benzene standards prepared in aqueous based soft 
drink sample using SBSE for 60 minutes. Instrumental conditions as Figure 3. 1 
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Figure 3.7 Calibration plot for toluene standards prepared in aqueous based soft 
drinks sample using SBSE for 60 minutes. Instrumental conditions as Figure 3. 1 
Ca lcu lating recoveries from the response ratio of native to labelled internal 
standard, values between 78 and 101 % were obtained, for samples fortified 
at 1 >Ig r'. Reproducibi lity was assessed by repeat analysis of a sample 
spiked at a nominal concentration of 1 >Ig r' and the variation was below 10% 
for both benzene and toluene (Table 3. 1). Method uncertainty was estimated 
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using the RSD (%) values and a two-tailed t-test at 95 % confidence, as 
detailed in Chapter two (2.3.2) and is also included in Table 3. 1. 
Table 3.1: Reproducibility and uncertainty lor SBSE for the determination 01 benzene 
and toluene in aqueous based soft drinks. Sample (10 ml) spiked at 1119 r ', extracted 
lor 60 minutes with 0.5 mm x 10 mm stir bar. Instrumental conditions as Figure 3.1. 
CV (RSD %) (n=5) Uncertainty 1 fig r' ± (%) 
Benzene 6.3 0.18 (17.6%) 
Toluene 6.1 0.1 7 (17. 1 %) 
Comp arison of techniques 
A comparison of techniques for the determination of benzene and toluene in 
soft drinks was made and a poster was presented at the International 
Symposium of Capillary Chromatography (ISCC) (Appendix 1). 
The estimated limits of detection for each technique, including those 
discussed in Chapter 2, (based on three x signal to noise) are given in Table 
3.2. 
Table 3.2 Sensitivity comparison lor determination 01 benzene and toluene in soft 
drink using OHS, SPOE and SBSE. 
Extraction Technique Estimated LOD (fig r ') 
Benzene Toluene 
DHS 0.06 0.13 
Headspace-SPDE 0.1 0.09 
Liquid-SPDE 1 0.5 
SBSE 0.02 0.03 
The optim ised static headspace method proved to be robust with good 
accuracy and precision. The use of headspace-SPDE gave comparable 
sensitivity for toluene, but not for benzene. The use of the SPDE system in 
direct liquid extraction mode, with an extra wash and dry step resulted in a 
large decrease in response and therefore higher estimated LODs. Stir bar 
sorptive extraction was only briefly investigated in this work, but showed an 
improvement in sensitivity compared to headspace analysis for both benzene 
and toluene. 
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3.3.2.2 Determination of furan- method performance 
The heads pace method for the determination of furan was based on one 
published by th e FDA [303] and had previously been validated in-house [334] . 
An evaluation of SBSE for the determination of fu ran in water was performed. 
Aliquots of water (10 ml) were spiked to give concentrations in th e range 1 to 
50 I1g r' (ppb) and to I1g r' intern al standard (furan- d,) added. A ll samples 
were extracted for 60 minutes with 1 mm x 20 mm stir bars at ambient 
tem perature. A linear calibration plot was obtained (Figure 3.8) and the limit of 
detection (based on 3 x signal to noise for m/z 29) was estimated as 1 I1g r' 
(ppb). 
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Figure 3.8 Calibration plot for furan in water using SBSE. Water samples (10 ml) 
spiked and extracted for 60 minutes with 1 mm x 20 mm stir bars at ambient 
temperature. TDU in sample remove mode, split/ess, initial temp 20 'C (0.5 minutes), 
delay time 1 min then ramp 60 'C min" to 200 'C (3 mins). Transfer temperature was 
250 'C. CIS parameters: split mode, 10 'C (0.2 mins) then 12 'C min" to 200 'C (3 
minutes). GC-MS conditions as section 3.2.3.2. 
A limited method validation was performed for the determ ination of fu ran in 
water using SBSE. Duplicate spikes were performed at 1, 10 and 50 I1g r'. All 
samples were extracted for 60 minutes with 1 mm x 20 mm stir bars at 500 
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rpm and ambient temperature. Recoveries obtained (calcu lated using rat io to 
internal standard) are given in Table 3.3. 
Table 3.3 Recoveries 01 furan from spiked water samples using SBSE (calculated 
from response ratio to internal standard). 10 ml sample extracted for 60 minutes with 1 
mm x 20 mm stir bars at ambient temperature. Instrumental conditions as Figure 3.8. 
Fortified analyte concentration Recovery (%) 
(nominal, Ilg I·') 
1 157 
158 
10 99 
103 
50 96 
91 
The recoveries for the water sample spiked at 1 Ilg 1" ' were outside the 
acceptable range (as discussed in chapter 2 and given in Table 2.3) and it 
was also noted th at ion ratios were poor at this level. The lim it of quantitation 
for the method was therefore estimated as 10 Ilg I·'. The lim it of detection 
(based on signal to noise) was estimated as 1 Ilg 1" '. 
To evaluate the SBSE method for coffee brew, a validation experiment was 
performed using blank coffee brew samples fort ified to give calibration 
standards in the range 0.5 to 100 Ilg I·' and spikes were performed at 1, 5, 10 
and 50 Ilg 1" ' (ppb) to provide recovery data. The recoveries (Table 3.4) were 
calculated from the response rat io of the native furan to the deuterated 
internal standard (m/z 68/72), using the matrix matched calibration standard 
plot. 
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Table 3.4 Recoveries of furan from spiked coffee brew samples using SBSE 
(calculated from response ratio to internal standard using calibration plots prepared 
from extraction of spiked coffee brew) 10 ml sample extracted for 60 minutes with 1 
mm x 20 mm stir bars at ambient temperature. Instrumental conditions as Figure 3.8. 
Fortified Analyte Recovery (%) 
concentration (nominal) 
1 121 
5 103 
107 
10 96 
96 
50 103 
105 
Recoveries were acceptable fo r the coffee brew and the estimated limit of 
detection was 1 Ilg I" (from signal to noise values). However, this equated to 
100 Ilg kg" when calculated back to the coffee granules (as supplied) and the 
method was further optimised to achieve lower limits of detection. 
Several experiments were performed evaluating performance of the method 
using spiked blank coffee samples. It was found that taking a 1 g coffee 
sample into 5 ml water, resulted in poor chromatography, particularly for the 
qualifier ions due to matrix interferences, and the method was adjusted to use 
only 0.5 g aliquots of sample. 
Spiked coffee brew samples (5 ml, equivalent to 0.5 g coffee) gave linear 
calibration plots (Figure 3.9) and recoveries ranged from 67 to 11 5 % (Table 
3.5) . 
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Figure 3.9 Calibration lor spiked coffee brew using SBSE Samples (5 ml) spiked (4 
to 200 fl9 kg" ) and extracted lor 60 minutes with 1 mm x 20 mm stir bars at 500 rpm 
and ambient temperature. Instrumental conditions as Figure 3.8. 
Table 3.5 Recoveries Irom spiked coffee brew samples using SBSE (repeat). 
Conditions as Figure 3.9 
Fortified analyte Recovery (%) 
concentration (~g kg" ) 
10 11 5, 79, 67 
40 105,103, 105 
80 103, 99,98 
The greater variation in the recovery for the low level spikes was due to the 
concentration of furan present in Ihe blank coffee brew sample, as response 
was corrected for blank values. The method validation was repeated and a 
fresh coffee brew sample was prepared, taking care to reduce levels of furan 
present in the coffee brew by heating for sufficient time in an open vessel. 
Method validalion was performed using fresh spiked blank coffee brew 
samples. The recoveries (Table 3.6) were calculated from the response ratio 
of the native furan to the deuterated internal slandard (mlz 68/72), using the 
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matrix matched calibration standard plot. As would be expected the best 
precision (represented by RSD) is obtained at the highest fortification level. 
Table 3.6: Method performance for the determina tion of furan in coffee by SBSE. 
Conditions as Figure 3.9. 
Fortified analyte 
Recovery (%) Mean RSD (%) Uncertainty 
concentration (~g kg") 
10 116 
10 11 6 116 7.9 ± 2.5 ~g kg" 
10 128 (25.3%) 
10 105 
40 119 
40 105 107 7.4 ± 9.5 ~g kg" 
40 104 (23.7%) 
40 101 
160 101 
160 102 100 2.4 ± 12.3 ~g kg" 
160 101 (7.7%) 
160 97 
Senyuva and G6kmen [313], concluded that matrix matched calibration 
standards were required for accurate quantitation of furan. In order to 
compare the use of matr ix matched standards with the method of standard 
additions for quanti tation, the level of furan in a sample was determined using 
both methods. Using the regression plot from the calibration for blank coffee 
(matrix matched standards, Figure 3.10), the level of furan determ ined in the 
sample was 80 I1g kg" , with recoveries at this level of 114 % (n=2). 
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Figure 3.10 Calibration plot for furan using a spiked blank coffee sample and SBSE. 
Response for sample shown. Conditions as Figure 3.9. 
Determin ing the level of furan in th is sample using the method of standard 
additions gave a value of 103 I1g kg" (Figure 3. 11 ). 
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Figure 3.11 Standard addition plot for furan in coffee sample using SBSE. Value of X 
corresponds to the concentration in the sample. Conditions as Figure 3.9. 
The calculated uncerlainty in the SBSE method using matrix matched 
standards (based on validation data) was between 8 % and 25 %, (at the 95 
% confidence level) depending on concentration (Table 3.6). Assuming a 
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similar level of method uncertainty using standard additions wou ld give a 
range of concentrations between 77 >lg kg-' and 129 >lg kg-' (100 >lg kg-' ± 
25%) and the value obtained from matrix matched standards (80 >lg kg-' ) falls 
within this range. It was concluded that if an identical blank matrix was 
available then matrix matched standards could be used. It was noted, 
however, that the use of a generic blank coffee sample, did not provide 
accurate results for all coffee samples. Therefore in order to avoid matrix 
interferences the method of standard additions was considered most 
appropriate for analysing a range of samples, as in this study. 
Generally for standard addition plots the R' value should ideally be above 
0.98, and the spiking levels should be at a level at least equal to that in the 
sample. It was noted that for the stir bar method, standard addition correlation 
coefficients were not as good as the headspace method and for some 
samples, the standard addition plot gave R' values less than 0.98, although all 
were 0.95 or above which was considered acceptable. 
As noted in an article by Crews and Castle [315) , the uncertainty is greater for 
furan determination than for most trace analysis due to handling problems. 
The method developed as part of this study gave uncertainty values (Table 
3.6) wh ich were comparable to those reported for the headspace method at 
50 "C (30 minutes incubation) of 24 % at 6 and 24 >lg g-' and 50 % at 1 >lg g-' 
[335). 
Based on the validation experiment for coffee, the limit of detection (LOO) was 
estimated to be 2 >lg kg-' (using equivalence to 3 x signal to noise) and the 
limit of quantitation (LOO) 10 >lg kg·' . Confirmation of the identification was 
based on retention time data and the rat io of m/z 68/39 (± 20 % of ion ratios 
observed for standards in the same GC-MS run), plus the presence of m/z 29. 
Due to the low molecular mass of furan , only a limited number of 
fragment/qualifier ions exist in the mass spectra (Figure 3.12) and 
confirmation using the normal criteria of two sets of ion ratios was difficult. 
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Figure 3.12 Mass Spectra for furan INIST library). 
The main ions are the molecular ion at 68 and the fragment at 39. Other ions 
in the mass spec include mlz 38 and 42, both of which were also present in 
the labelled furan-d4 internal standard . As the peaks were not completely 
resolved, the use of these ions was avoided and 29 was chosen as the 
second qualifier ion. Ion ratios for 68/29 were unreliable at the low fortification 
levels, but this was considered acceptable as previous published methods 
used only mlz 68 and 39, as d iscussed recently by Crews and Castle [315]. In 
the paper by Goldman et al. [336] although 2 qualifier ions were used (39/68 
and 69/68) , for some complex matrices, interferences were observed. 
Analysis of food and beverage samples 
Some example matrices were analysed using the alternative SBSE method 
and the more established direct static heads pace (DHS) method at 80 'C. For 
coffee samples, in most cases matrix matched standards were employed and 
for other matrices, the method of standard additions was used. An example 
standard addition plot is given in Figure 3. 13. 
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Furan In baby food 
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Figure 3. 13 Standard addition plot lor the determination of furan in baby food using 
SBSE. Method and instrumental conditions as Figure 3.9 
For some coffee samples, where the levels determ ined were high (above the 
calibration range) , the analysis was repeated using the method of standard 
additions including higher spikes, as shown in Figure 3. 14. 
• , .000 
-' 000.000 
Furan In 084 • standard addfllon plot 
-SOD.OOO , . 
~ _ o.oou • H'876 
Ff.II.gg50 
""."" 
Furan in Vial. 119 kg"' (ppb) 
1000,000 , ."" 
Figure 3.14 Standard additions plot for the determination of furan in coffee (high level) 
using SBSE. Method and instrumental conditions as Figure 3.9 
The concentrations of furan determined in the samples using both techn iques 
are given in the Table 3.7. 
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Table 3.7 Furan concentrations in example food and beverage samples using OHS 
and SBSE. Headspace method as detailed in 3.2.3.2, SBSE: samples (5 ml) extracted 
for 60 minutes with 1 mm x 20 mm stir bars at 500 rpm and ambient temperature. 
Instrumental conditions as Figure 3.B. 
Sample Concentration (~g kg" ), ppb 
OH S (80 "C) SBSE 
Ct 7 Instant coffee 132 103 
083 - Roast and ground coffee 1652 1370 
084 Roast and ground coffee 997 721 
085 Instant coffee granules 149 11 7 
086 Rich roast instant coffee 1891 1494 
087 Instant decaffeinated coffee 131 51 
088 Instant coffee 206 130 
089 Instant coffee 426 85 
092 Baby food - chicken casserole 24 21.4 
093 Baby lood - Vegetables 36 42.2 
094 Baby food - fruit cocktail 0.2 1.6 
The levels determined in the samples were comparable to previously 
published data [304] which ranged from 1 to 11 2 >lg kg'! in baby food and 239 
to 5050 >lg kg'! in coffee beans/powder. 
There was generally a good correlation between the SBSE and headspace 
methods (Figure 3. 15) but the heads pace results were consistently higher. 
This could be explained by the formation of furan during the equilibration at 
the higher temperature of 80 "C, which had been noted earlier in studies 
above 60 "C [308, 309]. 
The heads pace analysis was repeated for some samples using a lower 
incubation temperature of 40 "C and lower values for furan were obtained 
(150 >lg kg'! for 088 and 335 >lg kg" for 0 89) although these were still higher 
than those obtained using the SBSE method (in part icular for sample 0 89, 
which showed the poorest correlation between methods) . One possible 
explanation is the different part icle sizes of the samples, which may have 
resu lted in different dissolution/stirring eHiciencies at ambient temperature for 
th is sample compared to agitation and heating in the headspace method. In 
the SBSE method only cold water is added to the sample prior to stirring at 
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ambient temperature, and the different types of coffee powder/granules were 
observed to dissolve to a lesser or greater extent. Alternatively this particular 
matrix may be more inclined to form furan at even the low temperatures used 
in the repeat headspace analysis , as reported for green coffee by Senyuva 
and G6kman [313]. 
' 600 
" OO 
"oo 
"'OO 
w 
"" • 
• • .,. 
." 
"'" 
.' , 
, 
"'" 
. oo 
·200 I 
.c D89 
600 eoo "oo 
'''''' 
DirK! Sialic h.adspace 
'<0, 
y. O.8013x· 29.085 
Ff .. 0.9798 
' 600 "oo 
Figure 3.15 Comparison of results for furan in example foodstuffs using OHS and 
SBSE. Headspace method as detailed in 3.2.3.2, SBSE: samples (5 ml) extracted for 
60 minutes with 1 mm x 20 mm stir bars at 500 rpm and ambient temperature. 
Instrumental conditions as Figure 3.8. 
Performing statistical analysis on the regression line comparing the SBSE and 
headspace method (Figure 3.15), as described in Miller and Miller [332], the 
following confidence levels (at 95%) for the slope and the intercept were 
obtained: 
(a) Intercept = -29.085 ± 47.65 (ideal correlation value = 0) 
(b) Slope = 0.8013 ± 0.062 (ideal correlation value = 1). 
Note: due to the range of concentrations measured a two tailed t-test of the 
data was not considered appropriate to compare data sets in this instance. 
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3.4 Discussion 
Stir bar sorptive extraction was only briefly investigated for the determination 
of benzene and toluene in soft drink samples, but showed an improvement in 
sensitivi ty compared to headspace analysis for both benzene and toluene. 
A potential alternative method was explored for the determination of furan in 
some example food matrices using SBSE. A limit of detection of 2 I1g kg·' was 
achieved with a reporting limit (LOO) of 10 I1g kg·' . For food surveys, reliable 
data can usually be reported at a limit of 2 to 5 I1g kg·' [315] so this approach 
is comparable to existing methodology. Moreover, the SBSE method has the 
advantage that extraction is performed at ambient temperature reducing the 
opportunity for thermal formation of furan during the assay, unlike the 
headspace methods. This work has also highlighted that SBSE can be used 
successfully to extract compounds with low log P values (such as furan) . 
3.5 Conclusions 
SBSE provided an increase in sensitivity for the analysis of the example 
compounds (benzene and toluene) in soft drinks compared to SPDE and 
direct static heads pace methods. The use of SBSE was explored as an 
alternative approach for the determination of furan and was comparable to 
existing methodology, but with the advantage of extraction at ambient 
temperature. 
The SBSE technique is therefore suitable for the determination of a variety of 
volatile organic compounds in a variety of food matrices and can offer 
significant increases in sensitivity compared to other more established 
methods such as direct static heads pace. 
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CHAPTER 4 
Extraction methods for taint analysis 
4.1 Compounds Studied 
The work in Chapter 3 demonstrated the use of SBSE for the 
determination of trace level contaminants in food and the potential 
increase in sensitivity that can be achieved, compared to the more 
established procedures, such as direct static headspace. As discussed in 
Chapter one when a contaminant is unknown a more generic screening 
method is requ ired. In this chapter the use of SBSE was evaluated for the 
determination of a range of example compounds to examine the potential 
of the technique as a screening method for taints in foods. 
Example compounds were chosen based on previously reported taints 
from a range of origins (Table 1.1) and included those most commonly 
investigated. Compounds with a range of chemical and physical properties 
were chosen (Table 4.1) and structures are given in Figure 4.1. 
Table 4.1: Example compounds for taint analysis and some physical and 
chemical properties 
lelhyl 
exanal 
Formula I b.p. 
weight. ('Cl 
10 12 100 
10 1.16 131 
LogP 
.38 
.78 
.28 
.80 
'.'" 142.59 235 not available 2.70 
I 
I 
163 
187.04 
~~~2.8~0 
I I 
2.4. i I 
177. J3 
187. J4 
16 
213 nOlavaila!)le 
218 3.14 
215 2.86 
210 3.06 
2.95 
3. 
1.91 
1.81 
4-C 
4 -~lhyl i 
121 
17: =i~':~:' ~ 
2.4 ,6-- i 1 
2.4,6-- i 
I 
",. 
21 18 
197.45 
251.92 
265.93 
241 4. 
246 3.69 
255 3.36 
>300 nol avaIlable 
4 . 
3.45 
3.29 
3.84 
.6- i 344.84 298 4.48 4. 
,H, ~22 305 3.18 3. 
,6- i 330.82 _ 286 4._'3 4, 
~~~I!,.po!r;!~ (bp) (at .~' ~O.:. _I-' taken from CRe; 
Hal,dboook, 01 and PhYSICS {316] or Lange's handbook of ChemIstry 
(337] and log P va lues from an online log P calculalor (Interactive LogKow 
(KowW,,J, http://www.svrres.com/esc/estkowdemo.htm) 
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Figure 4. 1 Structures of example taint compounds 
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The log P values (also known as log kow) give a measure of the 
hydrophobicity of a compound, that is its tendency to transfer from an 
aqueous phase into a bu lk hydrophobic phase (n-octanol). As discussed in 
Chapter 1, th is is an important property for liquid-liquid extractions and, for 
example, can be used as an indication of how well a given analyte will be 
extracted into the bulk PDMS phase used in SBSE. 
The analyses were performed using different extraction techniques and 
the method performance evaluated for each of the compounds. Due to the 
limitations of SPDE for real food samples (as discussed in Chapter 2), this 
technique was not evaluated further. The main aim of the work was to 
develop an alternative screening approach to that of direct static 
headspace, but the use of SBSE (1.5.5.2) and HSSE (1.5.6.4) were also 
compared to the more established steam distillation extraction (SDE 
described in Chapter 1, 1.5.3.1) using Likens Nickerson apparatus (Figure 
1.5). 
4.2 Experimental 
Individual and combined standards were prepared in diethyl ether for each 
of the compounds in Table 4.1. Optimisation experiments were performed 
on bulk samples, prepared by spiking water (500 ml) with a mixed 
standard prepared in acetone, to give a nominal concentration of 4 Ilg ml" 
for each target compound. Three replicates were prepared - bulk (1) was 
left at natural pH (measured as 6.5), bulk (2) was adjusted to pH 2 with 
sulphuric acid (50% v/v) and bulk (3) was adjusted to pH 1 0 with sodium 
hydroxide (10 % w/v). Following optimisation, extractions were carried out 
using water samples spiked to give a range of concentrations. 
Subsequently a spiked aqueous based soft drink sample was analysed 
and finally, the methods were applied to a 'real life' taint sample. 
4.2.1 Reagents 
Diethyl ether was Rathburn glass distilled and Ultrapure water was 
generated from a Nanopure Diamond system (Barnstead International 
Iowa USA), 18.20 or equivalent. Sulphuric acid (50% v/v) was prepared 
from concentrated acid (analytical reagent grade, 98% Fisher Scientific 
Loughborough, England). Sodium hydroxide (10% w/v) was prepared in 
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ultra pure water from sodium hydroxide granules (BOH Analar grade, 
VWR, Poole England). Standards were all certified purity and were 
obtained from Sigma Aldrich Chemical Company (Poole, England). 
Stock standards were prepared in diethyl ether and diluted to give a range 
of standards for calibration and spiking. 
4.2.2 Apparatus 
Balance - analytical (min 4·place) 
Magnetic stirrer - Camlab variomag multipoint HP15 
Headspace vials (10 ml) were fitted with PTFE backed septa and metal 
caps (Kinesis, Milton Keynes, UK). 
Gerstel MPS2 autosampler with thermal desorption unit (TOU) 
heater/injector (Figure 4.2) , (Anatune, Hardwick UK) connected to an 
Ag ilent 6890N gas chromatograph (Cheadle, UK) fitted with a 5973 mass 
selective detector (MSO) . 
TwisterTM stir bars (20 mm x 1 mm fi lm thickness) (Anatune, Hardwick UK) 
Note: after extraction the stir bars were recond itioned by soaking in 
acetonit rile/ methanol (80/20, vlv) and desorption at 300 'C for 90 minutes, 
as recommended by the manufacturers. 
TDU injector 
Desorplion tubes in 
autosampler tray 
Figure 4.2 Instrumental set up showing MPS2 with Gerstel Autosampler tray and 
TDU on CIS injection port. 
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GC-MS conditions (following optimisation) 
Column: ZB wax plus (30 m x 0.32 mm x O.S ~m film) 
(Phenomenex, Macciesfield UK) 
Oven temperature 30'C (1 min) then S 'C min" to 80 'C then 10'C 
min" to 130 'C (2 min) then 1'C min" to 140 'C 
then S'C min" to 220 'C (S minutes). 
Carrier gas Hel ium at 2 ml min" constant flow 
GC-MS transfer line 200 'C 
Either Splitless, injector at 200 'C (headspace and liquid injections) 
Or for SBSE and HSSE using the TDU, with cooled injection system (CIS), 
in solvent vent mode (conditions given in 4.2.3.2) 
MS conditions EI+ source temp 230 'C, quad temp 1S0 'C 
For optimisation, evaluation and comparison of methods, full scan 
acquisition was used (mlz 40-400, 1.0S scans I sec). In later experiments, 
SIM acquisition was also investigated (Section 4.S). 
4.2.3 Methods 
4.2.3.1 Direct headspace (OHS) 
Al iquots (S ml) of the sample (water or aqueous based soft drink, adjusted 
to pH 2) were added to heads pace vials containing sodium ch loride (2 g). 
Samples were then extracted using the MPS2 with the following 
conditions: 
Incubation temp: 90 'C 
Incubation time 1S minutes 
Agitator speed SOO rpm 
Syringe temp 100 'C 
Flush time 20 minutes 
Injection volume 1 ml 
Injection speed 200 ~I s·, 
Pre inject delay 0.2 s 
Post inject delay O.S s 
4.2.3.2 Stir bar sorptive extraction (SBSE) 
Aliquots (S ml) of sample (water or aqueous based soft drink, adjusted to 
pH 2) were extracted for 1 hour using Twister™ stir bars (20 mm x 1 mm) 
at SOO rpm. Following extraction the stir bars were rinsed with ultra-pure 
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water and patted dry with a tissue before transferring to desorption tubes 
for analysis. 
TDU parameters 
Sample mode: Standard, Initial temp: 20 'C (0.5 minutes) , delay time 1 
min, 1 st rate 120 'C min·', Final temp 250 'C, Final time 5 minutes 
Flow mode was splitless and transfer temperature was 250 'C. 
els parameters: 
Solvent vent mode (vent flow 50 ml min-', vent time 0 minutes, purge time 
1.2 minutes, purge flow 20 ml min-' ) 
Temperature programme 10 'C (0.2 min) 120 'C min-' to 200 'C (3 
minutes). 
4.2.3.3 Headspace sorptive extraction (HSSE) 
Aliquots (5 ml) of sample (water or aqueous based soft drink, adjusted to 
pH 2) were added to Gerstel headspace vials containing sodium chloride 
(2 g). A Twister™ stir bar (20 mm x 1 mm) was placed into an insert 
positioned in the top of the vial (Figure 4.3) before sealing the vial with a 
crimp cap. 
Vial insert I adaptor 
Twister™ stir bar 
(20mm x 1mm) 
Sample 
~~-~- (5 ml + 2 9 NaGI) 
Figure 4.3 Vial with HSSE insert containing stir bar. 
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Samples were extracted using the CombiPal sampler programmed to 
perform a preparation method, incubating at 50 "C for 25 minutes at 250 
rpm (with agitator on time 30 s and off time 10 s to keep agitation gentle). 
Following extraction , the stir bars were removed and transferred to 
desorption tubes for analysis. The TOU and CIS parameters were as 
detailed in 4.2.3.2. 
4.2.3.4 Steam distillation extraction (SDE) 
Aliquots (20 ml) of sample (water or aqueous based soft drink) were 
diluted to 200 ml total volume with ultra-pure water and extracted into 50 
ml ether, using the Likens Nickerson apparatus (Figure 1.5). The pH was 
adjusted to 2 with sulphuric acid (50% v/v) prior to extraction. Samples 
were extracted for 60 minutes and extracts were dried with sodium 
sulphate and then taken to a final volume of 1 ml under a gentle stream of 
nitrogen. 
4.3 Results 
For each of the extraction techniques examined, parameters were 
optimised using the standard test mixtures to give an overall best 
performance. This was defined by looking at the best response for the 
majority of compounds to give the maximum extraction efficiency and 
sensitivity with the GC-MS in full scan acquisition mode. Individual 
compounds were not optimised as in the examination of an unknown 
sample, the target analytes would not be known. 
4.3.1 Optimisation of chromatography 
As the target compounds chosen had a range of molecular weights, 
boiling points and polarities, a generic method which could be used to 
screen for all compounds simultaneously, would require chromatographic 
resolut ion. A number of GC columns were investigated - initially one with 
a non-polar phase (OB-5) was examined followed by a polar, WAX phase. 
The OB-5MS is a standard column containing (5% - phenyl)-
methylpolysi loxane) and is a column that can be used for many 
applications. The OB-WAXetr column initial ly investigated was a 
polyethylene glycol polymer (PEG) based column with an extended 
temperature range (etr) and represents a compromise for high and low 
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boiling point analytes. Initially both columns were run using the same oven 
temperature program , with an initial oven temperature of 30 "C, held for 1 
minute and then ramped at 5 "C min-' to 220 C (held for 5 minutes). With 
each column, the oven temperature programme was adjusted to allow for 
almost complete resolution of all compounds. 
Using the DB-5MS column (0.25 mm x 30 m 0.25 Ilm), the best resolution 
was obtained with a column flow of 1.2 ml min-' and a final oven 
temperature programme of 30 "C (held for 0.5 minutes) ramped at 30 "C 
min-' to 100 "C (held for 2 minutes) ramped at 2 "C min-' to 150 "C (held 
for 0.5 minutes) then 30 "C min-' to 220 "C. Retention times using these 
conditions are given in Table 4.2. However, it was noted that for some 
analytes poor peak shapes were observed, particularly for the mono-
halogenated phenols. Tailing of chromatograph ic peaks for phenols is not 
uncommon and several studies have reported using derivatisation [46, 
145, 227, 278, 338-340J to improve chromatographic performance. 
However, as a rapid generic screening method was the aim of this study, 
derivatisation reactions were not investigated. 
An alternative column was evaluated to improve peak shape and 
resolution. Standards were analysed using a DB-WAXetr (50 m x 0.32 mm 
with 1 Ilm film) column using the same initial oven temperature 
programme as for the DB-5 column (i.e. 30 "C (held for 1 minute) then 
ramped at 5 "C min-' to 220 "C (held for 5 minutes)). Due to the increased 
fi lm thickness of the column, the flow rate was increased to 2 ml min-' . 
However, a response was not observed for some of the later eluting 
compounds under these conditions and rather than optimise the oven 
temperature program it was decided to use a shorter WAX column with a 
thinner film. 
A ZB-WAX plus column (30 m x 0.32 mm, 0.5 Ilm film) from Phenomenex 
was chosen and evaluated, initially using the same oven temperature 
programme as for the other columns. The chromatographic peak shape 
was improved, compared to the DB-5 column, and following optim isation, 
all peaks gave satisfactory resolution (Figure 4.4). The optimum oven 
temperature programme was 30 "C (held for 1 min) ramped at 5 "C min-' 
to 80 "C then ramped at 10 "C min-' to 130 "C (held for 2 minutes) then 1 
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"C m in~l to 140 "C then 5 "C min~ l to 220 "C (held for 5 minutes) retention 
times under these conditions are given in Table 4.2~ 
Table 4.2: Retention times of selected compounds using polar and non~polar 
columns. 
Compound Retention time 
DB-SMS ZB-WAX 
Methyl methacrylate 2.50 5.16 
Hexanal 3.20 6.97 
Styrene 4.09 11 .62 
2-Chloro-6-methvlphenol 6.62 22.37 
Guaiacol 6.76 25.68 
2,4-Dichlorophenol 8.82 36.25 
2~Bromo~4~methvlphenol 9.00 33.19 
2,6-Dichloroanisole 9.43 20.51 
2 ~Bromoanisole 9.59 23.87 
2,6~D ichloropheno l 9.66 34.59 
4~Chlorophenol 9.90 41.66 
4~Eth yl quaiacol 12.03 32.34 
4-Bromophenol 13.30 44 .65 
2 ,4 , 6~ Trichloroanisole 13.99 38.4 t 
2 ,4 ,6~ Trichlorophenol 15.28 39.64 
2,6,-Dibromophenol 16.24 39.97 
2,6-Dibrom ~4- methvlphenol 21.45 41.93 
2,4,6~ Tribromoanisole 27.44 38.41 
Benzophenone 28.72 42.34 
2,4,6~ Tribromophenol 29.20 47.75 
DB5-MS (0.25 mm x 3 0 m 0.25 /lm) 30 'C (held for 0.5min) ramped at 30 'C min~ 
, to 100 'C (held for 2 mini ramped at 2 'C min~ ' to 150 'C (held for 0.5 mini then 
30 'C min"' to 220 'C. 
ZB-WAX (30 m x 0.32 mm 0.5/lm film thickness) 30 'C (held for 1 mini ramped at 
5 'C min·' to 80 'C then ramped at 10 'C min"' to 130 'C (held for 2 minutes) then 
1 'C min~' to 140 'C then 5 'C min"' to 220 'C (held for 5 minutes) 
Although longer retention times were observed using the Z8-WAX column, 
the improvements in chromatography for the majority of compou nds and 
resu ltant increase in response was considered to be more important. 
Chromatographic run time is generally not a crucial parameter in total 
analysis time as autosamplers can run unattended and the correct identity 
of the analyte at low levels, enabled by the best sensitivi ty and resolution 
was considered more important in this case . 
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Figure 4.4 Chromatogram of mixed standard in ether (TIC) following scan 
acquisition (ml z 40-400) showing chromatographic resolution using Z8-WAX 
column (30 m x 0.32 mm, 0.5 I'm film thickness) 30 'C (held for 1 mini ramped at 
5 'C min" to 80 'C then ramped at 10 'C min" to 130 'C (held for 2 minutes) then 
1 'C min" to 140 'C then 5 'C min" to 220 'C (held for 5 minutes). Expansion of 
the region 23-24 minutes to show resolution of 2,4,6-trichloroanisole (6) and 2-
bromoanisole (7) (other peak identities given in Table 4.3). 
The peaks for 2,4,6-trichloroanisole and 2-bromoanisole were not 
completely resolved (Figure 4.4) but th is was considered acceptable. 
Usi ng extracted ion chromatograms of the main mlz ions (Table 4.3), all 
compounds could be quantified. 
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Table 4.3 Peak identities for Figure 4.4 (retention times and main mlz ions), 
column and conditions as Figure 4.4 
Peak identity Quantitation 
Com pound Main m/z ions (Figure 4.4) ion 
1 Methyl methacrylate 100, 69,41 100 
2 Hexanal 56, 44, 41 56 
3 Styrene 104, 103, 78 104 
4 2,6-Dichloroanisole 176, 178, 161, 133 176 
5 2·Chloro·6·methylphenol 142, 107, 77 142 
6 2,4,6-T richloroanisole 210, 212, 197 210 
7 Bromoanisole 186, 188, 171, 143 186 
8 Guaiacol 124, 109, 81 124 
9 4·Ethyl guaiacol 152, 137, 122 152 
10 2·Bromo-4-methylphenol 186, 188, 107 186 
11 2,6-Dichlorophenol 162,164, 126 162 
12 2,4·Dichlorophenol 162, 164, 98 162 
13 2,4,6-Tribromoanisole 346, 344, 329 346 
14 2,4,6-Trichlorophenol 196, 198, 132 196 
15 2,6-Dibromophenol 250, 252, 254 250 
16 4·Chlorophenol 128, 130, 65 128 
17 2,6-Dibromo-4-methylphenol 266, 185, 187 266 
18 Benzophenone 182, 105, 77 182 
19 4-Bromophenol 172, 174, 65 172 
20 2,4,6-Tribromophenol 330,328, 332 330 
The peak shapes were broad for some early eluting compounds (Figure 
4.4), but the conditions were chosen to allow for the determination of a 
range of compounds using one set of instrumental conditions. The 
optimised chromatographic conditions (Figure 4.4) were then used for the 
analysis of all the samples fo llowing extraction by the different techniques. 
4.3.2 Optimisation of headspace extraction 
The headspace parameters were optimised using the bu lk samples 
prepared as described in section 4.2 and included incubation temperature, 
time, the addition of sodium chloride (salt) and the affect of pH. 
Optimum extraction temperatures ranged from 70 to 100 'C for the 
compounds as il lustrated by Figure 4.5, but considering the number of 
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compounds showing optimum response at each temperature, an 
incubation temperature of 90 "C, was chosen (Figure 4.6) . 
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Fig ure 4.5 Optimisation of extraction temperature using OHS. Total area (sum of 
extracted quantitation mlz ions for all compounds) for duplicate headspace 
extractions at each temperature. Bulk water sample (4 pg ml '). 5 ml aliquot (in 10 
ml vial) extracted for 15 minutes, GC-MS conditions as Figure 4.4. 
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Figure 4. 6 Optimisation of extraction temperature for OHS. Number of example 
compounds showing optimum area response at each incubation temperature. 
Sample and conditions as Figure 4.5 
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Each of the bulk samples (section 4.2) were analysed in duplicate to 
examine the response at (1) natural pH (6.5), (2) pH 2 and (3) pH 10. 
In all cases the sample at pH 2 gave the largest response (measured by 
peak area of extracted mlz ions) , although the effect of sample pH was 
more evident for some compounds (Figure 4.7) . 
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Figure 4.7 Optimisation of pH for OHS. Relative mean area response for aft 
compounds (taking response for sample at pH 2 to be 100%). Bulk samples at 
pH 2, 6.5 and ID (4 fig mr'). 5 ml a/iquot (in ID ml vial) extracted at 80 'C for 15 
minutes, GC-MS conditions as Figure 4.4. 
As several of the chosen compounds were phenols, extraction wou ld be 
expected to be more efficient at acidic pH (as discussed briefly in 1.4) and 
much lower or negligible at pH 10 when they are ionised. They are 
relatively acidic and have acid dissociation (pKa) values in the range 6 to 
10 (2,6-dichlorophenol has a pKa of 6.78 and guaiacol (2 methoxy 
phenol) a pKa of 9.99). By adjusting the pH to 2, the acid base equilibrium, 
as illustrated in Figure 4.8, is forced to the left - and the phenols will 
remain in the undissociated form, decreasing their solubility in water. 
<E-( - CI~I: Cl 
- - .,.) U 
Figure 4.8 Acid-base equifibria for 2, 6-dichlorophenol 
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The addition of sodium chloride (NaCI) can have a similar effect on analyte 
solubility for polar compounds and the effect on extraction efficiency (by 
peak area response) of addition of 1 g, 2 g and 5 g of salt to 5 ml aliquots 
is shown in Figure 4.9. 
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Figure 4.9 Oplimisation of salt addition for OHS. Relalive mean area response for 
all compounds (laking highesl mean area response 10 be 100%). Bulk samples (4 
I1g ml '), 5 ml aliquot (in 10 ml vial) extracted at 80 'C for 15 minutes, GC-MS 
conditions as Figure 4.4. 
Plotting the number of analytes showing the maximum response for each 
amount of salt added (Figure 4.10), 2 g gave the best response for the 
majority of compounds and was therefore chosen as the optimum. 
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Figure 4.10 Optimisation of salt addition for OHS. Number of example 
compounds showing optimum area response for each salt concentration added. 
Sample and conditions as Figure 4.8 
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The extraction time was optimised under these conditions (i.e. pH 2, + 2 g 
NaCI at 90 "C), by extracting duplicate samples for 5, 10, 15, 20, 25, 30 
and 40 minutes (Figure 4.11 ). 
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Figure 4.11 Total area (sum of extracted quantitalion m/z ions for aI/ compounds) 
fol/owing duplicate headspace extractions at 90 'C for each extraction time. Bulk 
water sample (spiked at 4 Jig mr' ,adjusted to pH 2), 5 ml a/iquot + 2 g sodium 
chloride (in 10 ml vial), GC-MS conditions as Figure 4.4. 
For most analytes the incubation time had little effect on response -
suggesting that equilibrium had been reached rapid ly. An extraction time 
of 15 minutes was chosen as this showed the maximum response for the 
majority of compounds and none gave an increase in response after this 
time. 
4.3.3 Optimisation of SBSE 
SBSE parameters were optimised using the bulk samples prepared as 
described in 4.2 and included extraction time, affect of pH and desorption 
conditions (time and temperature). 
Each of the bulk samples (section 4.2) were analysed in dupl icate to 
examine the response at (1) natural pH (6.5), (2) pH 2 and (3) pH 10 
(Figure 4.12). 
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Figure 4.12 Optimisation of pH using SBSE. Mean peak areas of extracted mlz 
ions for 5 ml aliquots of spiked water sample (4 fl9 mr ') extracted for five hours 
with 20 mm x 1 mm bars at 500 rpm. TDU in sample remove mode, splitless initial 
temp 20 'C (0.5 minutes), delay time t min then 60 'C min·' to 200 'C (5 mins) 
Transfer temperature was 250 'C. CIS parameters: solvent vent mode, to 'C (0.2 
mini 120 'C min·' to 200 'C (3 minutes). GC·MS conditions as Figure 4.4. 
The mean peak areas (Figure 4.12) for most compounds show little 
difference between response for samples extracted at natural pH (6.5) and 
those adjusted to pH 2. However, as for some compounds there was a 
significant increase in response observed for samples at pH 2 (such as the 
di and tri bromo and chlorophenols), th is was chosen as the optimum . As 
discussed in 4.3.2, forcing the phenols into non-ionised form helps with 
extraction from the aqueous phase, in this case into the PDMS coating. At 
pH 10, these compounds will be in the ionised form and will not extract as 
readily from the aqueous phase. 
To optimise the extraction time aliquots of bulk sample (2) at pH 2 (section 
4.2) were extracted for 30 minutes, 1 hr, 2 hrs, 3 hrs and 4 hrs (Figure 
4.13). Desorption parameters were adjusted to a higher final temperature 
and longer final time (compared to the pH optimisation experiment), due to 
some carry over being observed (desorption parameters were later fully 
optimised - see Figure 4.14). 
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Figure 4.13 Optimisation of extraction time for SBSE. Total area (sum of 
extracted quantitation m/z ions for all compounds) following SBSE extractions at 
room temperature for each extraction time. Bulk water sample (spiked at 4 /1g mr' 
and adjusted to pH 2). 5 ml aliquot extracted with the large Twister™ stir bars (20 
mm x 1 mm PDMS). TDU initial temp 20 'C (0.5 minutes) , delay time t min then 
ramp 60 'C min" to 250 'C (to mins) . Flow mode was splitless and transfer 
temperature was 300 'C. CIS parameters as Figure 4.12, GC-MS condilions as 
Figure 4.4. 
In addition, subsequent extractions of 1 hr were performed on the same 
aliquot using a fresh stir bar each hour (1 hr x 4). This data were used to 
determine the response for each extraction time compared to total 
extracted after 4 x 1 hour extractions (i.e. the total area response of the 4 
extractions was taken as 100%, Table 4.4). 
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Table 4.4: SeSE optimum extraction time. Area response for different extraction 
times compared to the sum of areas for 4 sequential 1 hour extractions of the 
same sample (i.e. 4 x 1 hour total area ~ 100%). Areas of extracted quantitation 
mlz ions used for all compounds. 
Percentaqe response ( peak areas) 
30 mins lhr 2hr 3hr 4hr 
Methyl methacrylate not extracted 
Hexanal 35 45 58 151' 44 
Styrene 93 88 81 78 77 
2-Chloro-6-methylphenol 55 57 60 57 58 
Guaiacol 22 25 27 24 27 
2,6-Dichlorophenol 32 33 34 37 41 
2-Bromo-4-methylphenol 31 36 40 37 40 
26-Dichloroanisole 94 94 94 92 93 
2-Bromoanisole 80 82 83 80 80 
24-Dichlorophenol 28 33 38 34 38 
4-Chlorophenol 17 25 30 20 27 
4-Ethvl quaiacol 27 33 35 31 36 
4-Bromophenol 21 30 33 23 28 
2,4 ,6· Trichloroan isole 97 97 96 95 94 
2,4,6-Trichlorophenol 46 55 57 55 56 
2,6-Dibromophenol 43 46 46 47 53 
2,6-Dibrom-4-methylphenol 67 73 75 75 72 
2A,6-Tribromoanisole 96 99 102 103 98 
Benzophenone 69 72 72 71 71 
2,4 6-Tribromophenol 63 65 65 65 66 
, Poor peak shape -result considered anomalous 
Although the majority of compounds gave the maximum response after 2 
hours, there was little increase in response for extraction times of more 
than 1 hour (only a few % in most cases) so for practical reasons 1 hour 
was chosen as the optimum extraction time. 
As the bu lk sample gave a large response for some compounds causing 
poor peak shapes (due to overloading), a dilution (1/50, v/v) of bulk 
sample (2) was used to optimise the desorption parameters. 
Replicates of this sample (0.08 I1g ml-I ) were run , adjusting the desorption 
ramp, final temperature and fi nal time_ 
Comparing the total area response using each of the different desorption 
methods investigated (Figure 4.14, A to I), and also the carryover following 
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re-desorption of the same twister bar (A2 to 12), it can be seen that method 
E gave the best response with the least carry-over. 
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Figure 4. 14 Optimisation of desorption parameters for SBSE. Total area (sum of 
extracted quantitation m/z ions for all compounds) for SBSE extractions of bulk 
water sample at pH 2 (0.08 /1g mr'). 5 ml aliquot extracted for 1 hour using large 
stir bars (20 mm x 1 mm) at 500 rpm. GC-MS conditions as Figure 4.4. 
For all methods initial temp 20 CC; (0.5 minutes), delay time 1 min then; 
(A) Ramp 60 "C min·' to 200 "C (5 mins) (9) Ramp 120 "C min·' to 200 "C (5 mins) 
(C) Ramp 240 "C min·' to 200 "C (5 mins) (D) Ramp 60 "C min·' to 250 "C (5 mins) 
(E) Ramp 120 "C min·' to 250 "C (5 mins) (F) Ramp 240 "C min·' to 250 "C (5 mins) 
(G) Ramp 60 "C min·' to 200 "C (10 mins) (H) Ramp 60 "C min·' to 200 "C (5 mins) then 
second ramp 60 CC min-1 to 200 'C (5 mins) 
(I) Ramp 120 "C min·' to 300 "C (5 mins) 
The carryover, measured by area response for each of the compounds, as 
a percentage of the initia l area obtained fol lowing desorption is also given 
in Table 4.5. 
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Table 4.5: Carry over lor different SBSE desorption methods (A-I as detailed in 
Figure 4. 13). Area Irom repeat desorption of same stir bar as a percentage of 
original area (from initial analysis) using each desorption method. 
Carry over l% area response repeat I initial analvsis) for different desorotion methods 
A2fA B2IB C2IC 0210 E2IE F2IF G2IG H2IH 1211 
Styrene 0 0 nla' 0 0 0 n/a" nla' 0 
2-Chloro-6· 4 4 0 0 0 1 0 0 0 
methyl phenol 
Guaiacol 0 0 0 0 0 0 0 0 0 
2,S-Dichlorophenol 7 5 4 2 0 3 0 0 0 
2-Bromo-4- 7 5 5 2 1 3 0 2 0 
methyl phenol 
2,6-0ichloroanisole 7 7 3 1 0 2 0 0 0 
2-Bromoanisole 6 6 3 1 1 2 0 0 0 
2,4-Dichlorophenol 9 7 5 3 3 5 3 0 5 
4-Chlorophenol 9 8 4 6 3 5 10 4 5 
4-Ethyl guaiacol 12 11 13 4 3 7 0 0 0 
4-Bromophenol 6 6 4 1 1 1 2 2 0 
2,4 ,6-T richloroanisole 16 19 13 14 6 8 8 8 8 
2,4,6-Trichlorophenol 13 15 9 3 2 5 4 3 1 
2,6-0ibromophenol 13 12 11 3 3 5 5 3 2 
2,6-Dibrom-4- 17 16 13 4 3 5 4 4 1 
methylphenol 
2,4,6-T ribromoanisole 24 21 2 1 6 6 8 6 6 2 
Benzophenone 18 16 18 3 4 5 5 5 1 
2,4.6-Tribromophenol 19 17 18 4 5 6 4 4 1 
, 
n/a no response observed for Initial desorptlOn uSing this method. 
Values of zero in the table represent no obselVed response on repeat desorption 
Plotting the number of compounds producing the optimum response for 
each of the different desorption methods investigated (Figure 4.15, A to I), 
method C gave the optimum conditions for marginally more compounds 
than method E (i.e. 7 compounds gave the highest area response using 
method C, compared to 6 using method E). However, as method E 
showed less carry over (Table 4.5) these desorption parameters were 
chosen as the optimum (i.e. initial temp 20 '{; (0.5 minutes), delay time 1 
min then Ramp 120 '{; min" to 250 '{; (5 mins). 
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Figure 4.15 Optimisation of desorption for SBSE. Number of compounds showing 
greatest area response for each desorption method. Sample and conditions as 
Figure 4.14. 
The effect of the mode of injection was also investigated. The two modes 
for the TDU are "standard" and "sample remove". In standard mode the 
desorption tube containing the stir bar remains in the injector throughout 
the GC run, whereas for "sample remove" it is replaced with a blank 
desorption tube. The temperature of the TDU injector is not controlled 
during the GC run and therefore standard mode can lead to carryover or 
inferences if the twister is not fully desorbed. Conversely in "sample 
remove" mode, as the injector is opened, the column is exposed to air for 
a short period of time and the chromatography could be adversely 
affected. In this study following optimisation of desorption time and 
temperatures, the best response was observed in standard sample mode 
(Figure 4.16), using the conditions detailed in 4.2.3.2. 
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Figure 4.16 Optimisation of TDU desorption mode following SBSE extraction of 
spiked water sample at pH 2 (0.08 pg mr ') for 1 hour using large stir bars (20 mm 
x 1 mm) at 500 rpm. TDU initial temp 20 'C (0.5 minutes), delay time 1 min then 
120 "C min·' to 250 "C (5 mins) Flow mode was split/ess and transfer temperature 
was 250 'C. CIS parameters: Split mode (split/ess time 1 min) purge time 0.5 min, 
equilibration. time 1 min, 10 'C (0.2 min) 120 'C min"' to 200 'C (3 minutes). GC-
MS conditions as Figure 4.4. 
For most compounds, at this concentration (0.08 119 mr ' ) with the 
optimised desorption parameters, very little carry over was observed 
(Table 4.6). 
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Table 4. 6 Carry over (%) for compounds following repeat desorption of stir bar 
after extraction of spiked water sample at pH 2 (0.08)1g mr') for t hour using 
large stir bars (20 mm x 1 mm) at 500 rpm. Instrumental conditions as Figure 
4.15. 
Compound Carry over (%) 
Styrene 0 
2-Chloro·6·melhylphenol 0 
Guaiacol 0 
2,6-Dichlorophenol 0 
2-Bromo-4-methylphenol 0 
2,6-Dichloroanisole 0 
2-Bromoanisole 0 
2,4-Dichlorophenol 1 
4-Chlorophenol 0 
4·Elhyl guaiacol 1 
4-Bromophenol 0 
2,4,6-T richloroanisole 0 
2,4,6-T richlorophenol 2 
2,6-Dibromophenol 2 
2,6-Dibromo-4-methylphenol 3 
2,4,6-T ribromoanisoJe 6 
Benzophenone 10 
2,4,6· Tribromophenol 4 
During this work a small response for some analytes was observed for 
blank desorption tubes, particularly for the higher boiling point compounds, 
when preceded by analysis of relatively high concentration standard 
mixes. Therefore it can be concluded that some carry over was observed 
due to the TDU/CIS injector, and the values above may not be due to 
incomplete desorption of analytes from the sti r bar. 
4.3.4 Optimisation of HSSE 
Initial experiments for HSSE were performed using the bulk samples (1), 
(2) and (3) and the conditions were as optimised for direct headspace 
extraction (i.e. 5 ml aliquot + 2 g sodium chloride extracted at 90 'C for 15 
minutes). The desorption parameters were as optimised for SBSE and 
GC-MS conditions remained the same as described in 4.3.1 . 
As with previous extract ion methods the sample adjusted to pH 2 gave an 
equal or better area response than those at natural pH (measured as 6.5) 
or pH 10 and the effect of pH was more evident for some compounds 
(Figure 4.17). 
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Figure 4.17 Optimisation of pH for HSSE. Mean area response from for all 
compounds. Duplicate extractions of bulk samples at pH 2, 6.5 and 10 (4 /1g mf ') 
Extracted for 15 minutes at 90 'C. Other conditions as Figure 4. 15. 
The extraction time and temperature were optimised using a dilution of the 
bulk sample (pH 2) at a nominal concentration of 0.4 I1g mr' (equivalent to 
2 I1g in vial). Using an extraction time of 15 minutes, duplicate samples 
were extracted over a range of temperatures between 40 "C and 1 00 "C 
(Figure 4.18) . 
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Figure 4.18 Optimisation of extraction temperature in HSSE. Total area (sum of 
extracted quantitation m/z ions for all compounds) for duplicate HSSE at each 
temperature of bulk water sample (0.4 /1g mf" adjusted to pH 2). 5 ml aliquot 
extracted for 15 minutes, using large stir bars (20 mm x 1 mm). Instrumental 
conditions as Figure 4.15 (standard mode). 
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Taking into account the number of compounds producing the maximum 
response for each temperature, the best response for the majority of 
compounds was observed at 50 'C (Fig. 4.19) 
" r---------------------------------------------------, 
" Extrl cUon temp (C) " 
Figure 4.19 Optimisation of extraction temperature in HSSE. Number of example 
compounds showing greatest area response (quantitation ml z ions) at each 
extraction temperature. Sample and conditions as Figure 4. 16. 
Duplicate samples were then extracted at the optimum temperature (50 
'C) for extraction times of 5, 10, 15, 20, 25, 30 and 40 minutes (Figure 
4.20) 
162 
Chapter 4 Extraction methods for taint analysis 
10000000 
"""""" 
eoooooo 
roooooo 
~ eoooooo c 
0 
~ 
• soooooo 
• 
• 
• """"" ~ 
300000O 
200000O 
1000000 
0 
0 5 00 
" 
20 25 30 35 40 
E)(lraC1lon lime (minutes) 
Figure 4.20 Optimisation of extraction time in HSSE. Total area (sum of extracted 
quantitation mlz ions for all compounds) following duplicate HSSE at 50 'C for 
each extraction time. Bulk water sample adjusted to pH 2 (spiked at 0.4 I1g ml'). 
5 ml aliquot extracted for 15 minutes, using large stir bars (20 mm x 1 mm), other 
conditions as Figure 4.16 (standard mode). 
As can be seen from Figure 4.20, showing total areas, fo r some 
compounds duplicate responses were poor. The experiment was repeated 
using single replicates (Figure 4.21 ). 
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Figure 4.21 Optimisation of extraction time in HSSE (repeat). Total area (sum of 
extracted quantitation mlz ions for all compounds) following HSSE at 50 'C for 
each extraction time. Sample and conditions as Figure 4. 19. 
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The extraction time seemed to have little effect on response (Figure 4.21). 
However, plotting the number of compounds showing the maximum area 
response for each extraction time (Figure 4.22), the data indicated that a 
25 minute extraction time was optimum. 
'" " " " " E~lrllct lon time (minutes) 
Fig ure 4.22 Optimisation of extraction time for HSSE. Number of example 
compounds showing greatest area response (quantitation m/z ions) at each 
exlraction lime. Sample and conditions as Figure 4.20. 
4.3.5 Optimisation of SDE 
" 
As steam distillation extraction (Likens Nickerson) is an established 
procedure for the determination of compounds known to cause taints in 
foods, most parameters for this procedure were not optimised as part of 
this work. The previously determined standard laboratory protocol was 
used (60 minute extraction of 20 ml sample into 50 ml diethyl ether taken 
to a final volume of 1 ml, section 4.2.3.4). 
The extraction time was chosen as 60 minutes, although it should be 
noted that longer extraction times may be required for some food matrices. 
Routinely for matrices with a high fat content extraction times of 90 
minutes have been used but for most aqueous based matrices, 60 
minutes has previously given sufficient recovery of most analytes. A 
comparison of extractions performed at different pH found that the 
response for most target compounds was highest at acidic pH (2), as with 
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the other extraction techniques (Figure 4.23). No other parameters were 
optimised under this study. 
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Figure 4.23 Optimisation of pH for SOE. Area response from for all compounds 
following extractions of spiked water samples (0.1 pg) at pH 2, natural (6) and 10. 
Extracted for 60 minutes into 50 ml diethyl ether and taken to a final volume of 1 
ml. GC-MS conditions as Figure 4.4. 
4.3.6 Method evafuation and performance 
Following method optimisation, each of the methods was evaluated by 
analysis of spiked water samples. The performance of each method was 
assessed by examining accuracy, precision, linearity, limits of detection 
and quantitation and uncertainty, as discussed in Chapter 2 (2.3.2). 
4.3.6.1 Static Headspace method performance 
Evaluation of the optimised static heads pace method was performed using 
water samples spiked with a mixed standard to give concentrations in the 
range 0.01 to 20 >,g in vial. Calibration plots of area response vs 
concentration (>,g in vial) showed a linear response for most analytes up to 
5 >,g (Table 4.7). The linear range was defined as the calibration range 
observed to produce a linear plot with a correlation coefficient (R2) greater 
than 0.98 (at least five concentrations I data points). Limits of detection 
(Table 4.7) were estimated for all target compounds using 3 x baseline 
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noise of the extracted mlz ion based on the response of a spiked water 
sample at 0.4 >1g (in vial). 
Table 4. 7 Limils 01 detection and linearily lor slatic headspace exlraclion from 
spiked waler (5 ml aliquots al pH 2 + 2 9 NaCl) extracted at 90 'C for 15 minutes 
(Compounds in retention time order). 
Limit of detection Linear range R' Compound 
(~g in vial) (~g 1" ' ) 
Methyl methacrylate 0. 12 0.1-5 0.9977 
Hexanal 0.075 0.2-5 0.9891 
Styrene 0.043 0.02-10 0.9955 
2,6-Dichloroanisole 0.004 0.01 -2 0.9959 
2-Chloro-6-methylphenol 0.010 0.01-2 0.9977 
2-Bromoanisole 0.008 0.01-2 0.9959 
Guaiacol 0.255 0.2-5 0.9815 
4-Ethyl guaiacol 0.255 # # 
2-Bromo-4-methylphenol 0.031 0.02-5 0.9933 
2,6-Dichlorophenol 0.057 0.04-5 0.9943 
2,4-Dichlorophenol 0.164 0.01 · 5 0.9936 
2,4,6-Trichloroanisole 0.013 0.01· 5 0.9971 
2,4,6-Tribromoanisole 0.008 0.01·5 0.9937 
2,4,6-Trichlorophenol 0.068 0.01·5 0.9939 
2,6-Dibromophenol 0.167 0.02-5 0.9947 
4-Chlorophenol 0.068 1·20' 
. 
2,6-Dibromo-4-methylphenol 0.008 0.02· 5 0.9948 
Benzophenone 0.046 0.02·5 0.9993 
4-Bromophenol 1.724 5·20' 
. 
2,4,6-Tribromophenol 0.007 0.02·5 0.9967 
# Poor response/chromatography observed for 4-ethyl guaiacol in this run, 
leading to a poor cal ibration plot, no linear range or R' value determined . 
• Less than 5 data points, no R' value reported . 
Repeatability was assessed by analysis of twelve replicates of the bulk 
water sample (2) (nominal concentration 4 >1g ml"', equivalent to 20 >1g in 
vial for 5 ml sample) and for most target compounds a coefficient of 
variation (% RSD or CV) of less than 10% (Table 4.8) was achieved for 
peak area response (n=12). Method uncertainties were estimated using 
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the RSD(%) values as described in Chapter 2 and are also included in 
Table 4.8. 
Table 4.8 Reproducibility 01 static headspace response lor replicate samples of 
spiked water. Bulk water sample adjusted to pH 2 (spiked at 4!lg mr'). 5 ml 
aliquot + 2 g sodium chloride (in 10 ml vial), extracted at 90 'C for 15 minutes. 
GC-MS conditions as Figure 4.4. 
Compound CV(%) Uncertainty 4 ~g ml' ± (n=12) (~/o) 
Methyl methacrylate 4.6 0.37 (9.2) 
Hexanal 5.3 0.42 (10.6) 
Styrene 7. 1 0.57 (14.2) 
2,6-Dichloroanisole 4.7 0.38 (9.4) 
2·Chloro-6-methylphenol 6.0 0.48 (12) 
2-Bromoanisole 5.5 0.44 (1 1 ) 
Guaiacol 9.1 0.73 (18.2) 
4-Ethyl guaiacol 26.0 2.08 (52) 
2-Bromo·4-methylphenol 8.3 0.66 (16.6) 
2,6-Dichlorophenol 6.4 0.51 (12.8) 
2,4-Dichlorophenol 7.4 0.59 (14.8) 
2,4,6-Trichloroanisole 6. 1 0.49 (12.2) 
2,4,6-Tribromoan isole 13.5 1.08 (27) 
2,4,6· Trichlorophenol 10.4 0.83 (20.8) 
2,6-Dibromophenol 8.2 0.66 (16.4) 
4-Chlorophenol 15.8 1.26 (3 1.6) 
2,6-Dibrom-4·methylphenol 13.5 1.08 (27) 
Benzophenone 8.4 0.67 (16.8) 
4-Bromophenol 18.1 1.45 (36.2) 
2,4,6-Tribromophenol 5.9 0.47 (11.8) 
Three compounds (4-chlorophenol , 4-ethyl guaiacol and 4-bromophenol) 
gave a coefficient of variation >15%, but it was noted that these 
compounds also gave the lowest peak areas. 
4.3.6.2 SBSE method performance 
Duplicate aliquots of water at concentrations between 0.0004 I-Ig and 5 I-Ig 
for all the target compounds (in vial) were extracted and analysed to 
evaluate the performance of the SBSE method. Calibration plots of area 
response vs concentration (I-Ig in vial) showed a linear response for most 
analytes up to 1 I-Ig (Table 4.9). 
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Limi ts of detection (Table 4 .9) were estimated for all target compounds 
using 3 x baseline noise of the extracted m/z ion based on the response of 
a s piked water sample at 0.4 ~g (in via l). 
Table 4.9. Limits 01 delection and linearity for SBSE. Spiked water samples (5 ml 
aliquots, adjusted to pH 2), extracted for 1 hour using Twister™ stir bars (20 mm x 
1 mm) at 500 rpm. TDU parameters Sample mode: Standard, Initial temp: 20 'C 
(0.5 minutes), delay time 1 min, 1st rate 120 'C min-', Final temp 250 'C, Final 
time 5 min. Flow mode was splitless and transfer temperature was 250 'C. CIS 
solvent vent mode (vent flow 50 ml min-', purge time 1.2 minutes), Temperature 
programme 10 'C (0.2 min) 120 'C min-' to 200 'C (3 minutes).GC-MS conditions 
as in Figure 4.4 
Limit of detection Linear range R' Compound 
( ~g in vial) (~g 1") 
Methyl methacrylate # # # 
Hexanal # # # 
Styrene 0.062 0.1-5 0.9995 
2,6-0ichloroan isole 0.016 0.01 -5 0.9984 
2-Chloro-6-methylphenot 0.010 0.01-5 0.9975 
2-Bromoanisole 0.008 0.01 -5 0.9981 
Guaiacol 0.065 0.04-0.4" 
4-Ethyl guaiacol 0.029 0.004-1 0.9861 
2-Bromo-4-methylphenol 0.007 0.01 -0.4 0.9941 
2,6-0 ichlorophenol 0.016 0.01-1 0.9891 
2,4-0ichtorophenol 0.008 0.001-0.4 0.9898 
2,4,6-Trichloroanisole 0.063 0. 1-0.4" " 
2,4,6-Tribromoanisole 0.00 1 0.001-1 0.9997 
2,4,6-Trichlorophenol 0.010 0.004-1 0.9972 
2,6-0ibromophenol 0.008 0.004- 1 0.9863 
4-Chlorophenol 0.009 0.0004-1 0.9982 
2,6-0 ibrom-4-methylphenol 0.003 0.01 -1 0.9979 
Benzophenone 0.007 0.001-1 0.9996 
4-Bromopheno l 0.005 0.01-5 0.9980 
2,4,6-Tribromophenol 0.002 O.OO H 0.9994 
, < Less than 5 data pornts, R value not reported. 
# A response for hexanal was only observed for the init ial experiments at 
re latively high concentrations in water (20 >Ig in via l) and methyl 
methacrylate was not observed at all following SBSE. 
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Reproducibility was assessed by extracting 8 replicates at 0.1 I1g (in vial) 
and a CV <10% was achieved for most target compounds (Table 4. 10). 
Method uncertainties were estimated using the RSD (%) values as 
described in Chapter Two and are also included in Table 4.10. 
Table 4.10 Reproducibility and uncertainty lor SBSE. Replicate samples of spiked 
water (0.02 /1g ml ' , 5 ml aliquots, adjusted to pH 2), extracted for 1 hour using 
Twister™ stir bars (20 mm x 1 mm) at 500 rpm. tnstrumentat conditions as Table 
4.8 
Compound CV (%) Uncertainty 0.02 I1g mr ± (n=8)' • (%) 
Styrene 23 0.0092 (46) 
2,6-Dichloroan isole 3.5 0.0014 (7) 
2-Chloro-6-methvlphenol 3.5 0.0014 (7) 
2-Bromoanisole 4.1 0.0016 (8.2) 
Guaiacol 11 .8 0.0047 (23.6) 
4-Ethyl guaiacol 23.7 0.0095 (47.4) 
2-Bromo-4-methylphenol 13.6 0.0054 (27.2) 
2,6-Dichloroohenol 12.9 0.0052 (25.8) 
2,4-Dichlorophenol 13.5 0.0054 (27) 
2,4,6-Trichloroanisole 14.8 0.0059 (29.6) 
2,4,6-Tribromoanisole 2.9 0.0012 (5.8) 
2,4,6-Trichloroohenol 9 0.0036 (18) 
2,6-Dibromophenol 10 0.0040(20) 
4-Chlorophenol 6.9 0.0028 (13.8) 
2,6-Dibrom-4-methvlphenol 4.5 0.0018 (9) 
Benzophenone 2.3 0.0009 (4.6) 
4-Bromophenol 10.5 0.0042 (2 1) 
2,4,6-Tribromophenol 3.7 0.0015 (7.4) 
Compounds with CV value above 10 % but less than 15 %, included 2,4,6-
trichloroanisole (probably due to interferences in the chosen mlz ion 
channel of 210 as the other 2 ions monitored (mlz 212 and m/z 197). gave 
CV's of <10 %), 2-Bromo-4-methylphenol , 2,6-dichlorophenol and 
guaiacol. 4-Ethyl guaiacol and styrene both gave poor reproducibility (CV 
>20%). It was noted that a poor peak shape was obtained for styrene 
(which was also close to detection limit at th is concentration). Note that a 
lower concentration will produce a larger CV with any extraction technique 
and one of the diff icu lties with m ulti-target methods, where compounds 
have a variety of response is choosing an appropriate concentration to use 
to evaluate method performance. 
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4.3.6.3 HSSE method performance 
Aliquots of water at concentrations between 0.001 J.lg and 5 J.lg (in vial) 
were extracted and analysed to evaluate the performance of the HSSE 
method. Calibration plots of area response vs concentration (J.lg in vial) 
showed a linear response for most analytes up to 2 J.lg (Table 4. 11 ). Lim its 
of d etect ion (Table 4 .11) were estimated for all target compounds using 3 
x baseline noise of the extracted mlz ion, based on the response of a 
spiked water sample at 0.4 J.lg (in vial). 
Table 4.11 : Limits of detection and linearity for HSSE. Spiked water samples (5 
ml aliquots, adjusted to pH 2), extracted for 25 minutes at 50 'C with agitation at 
250 rpm using Twister™ stir bars (20 mm x 1 mm). Instrumental conditions as 
Table 4.9. 
Lim it of detection Linear range 
R' Compound 
(~g in vial) (~g I") 
Styrene 0. 169 # # 
2,6·Dichloroanisole 0.019 0. 1-2 0.9998 
2-Chloro·6-methylphenol 0.027 0.02·2 0.9982 
2-Bromoanisole 0.006 0.1-2 0.9908 
Guaiacol 0.086 0.1-2 0.9942 
4-Ethyl guaiacol 0.086 0.1-2 0.9980 
2-Bromo·4-methylphenol 0.017 0.01·2 0.9947 
2,6-Dichlorophenol 0.018 0.01 -1 0.9947 
2,4-Dichlorophenol 0.010 0.01 -2 0.9929 
2,4,6-Trichloroanisole 0.026 # # 
2,4,6-Tribromoanisole 0.005 0.004-2 0.9990 
2,4,6-Trichlorophenol 0.011 0.01-2 0.9904 
2,6-Dibromophenol 0.030 0.01-1 0.9965 
4-Chlorophenol 0.018 0.01-5 0.9977 
2,6-Dibrom-4-methylphenol 0.026 0.01-2 0.9896 
Benzophenone 0.005 0.D1 -5 0.9971 
4-Bromophenol 0. 174 0.1 ·2 0.9902 
2,4,6-Tribromophenol 0.003 0.001-5 0.9994 
# Poor calibration plots for trichloroan isole and styrene - unable to 
est imate linear range. 
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Reproducib ility was assessed by extracting 9 replicates at 0.4 ~g (in vial). 
Method uncertainties were estimated using the RSD (%) values as 
described in Chapter Two and are also included in Table 4.12. 
Table 4.12 Reproducibility and uncertainty for HSSE. Spiked water samples (5 ml 
aliquots, 0.4 I1g in vial, adjusted to pH 2), extracted for 25 minutes at 50 'C with 
agitation at 250 rpm using Twister"" stir bars (20 mm x 1 mm). Instrumental 
conditions as Table 4.9. 
Uncertainty 0.08 ~g mr 
Compound CV (%) + 
(n=9) (010) 
Styrene 23.2 0.037 (46.4) 
2,6-Dichloroanisole 24.9 0.040 (49.8) 
2-Chloro-6-methyl phenol 21.9 0.035 (43 .8) 
2-Bromoanisole 24.2 0.039 (48.4) 
Guaiacol 28.8 0.046 (57.6) 
4-Ethyl quaiacol 25.1 0.040 (50.2) 
2-Bromo-4-methylphenol 21.0 0.034 (42) 
2,6-Dichlorophenol 21 .9 0.035 (43.8) 
2,4-Dichloroohenol 15.5 0.025 (31.0) 
2,4,6-T richloroanisole 10.7 O.Ot 7 (21.40) 
2,4,6-Tribromoanisole 28.5 0.046 (57) 
2,4,6-Trichlorophenol 13.9 0.022 (27.8) 
2,6-Dibromoohenol 12.6 0.020 (25.2) 
4-Chlorophenol 23.3 0.037 (46.6) 
2,6-Dibrom-4-methylphenol 13.7 0.022 (27.4) 
Benzophenone 16.6 0.027 (33.2) 
4-Bromophenol 34.8 0.056 (69.6) 
2,4,6-Tribromoohenol 18.7 0.03 (37.4) 
The CV values were variable for the target compounds, wi th just over half 
being greater than 20 % and no values observed below 10 % (Table 4.12). 
The greater variation in resu lts for HSSE, compared to static headspace 
and direct SBSE could be due to the method of sampling. Some 
condensation was observed on the glass inserts and the agitation had to 
be gent le to prevent direct extraction from the liqu id sample due to 
splashing. It is probable that the presence of the insert compromised the 
efficient mass transfer of analytes from the heads pace into the stir bar 
PDMS coating and using the large Twister™ bars also meant that the stir 
bar was held vertically in the insert (Figure 4.2) . 
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4.3.6.4 SDE (Likens Nickerson) method performance 
External calibration standards prepared in diethyl ether were used for 
quantitation and plots of area response vs concentrat ion (l1g mr' ) showed 
a linear response for all analytes up to 1 I1g mr' (Tab le 4.13) . Lim its of 
detection (Table 4.13) were estimated for all target compounds using 3 x 
baseline noise of the extracted m/z ion, based on the response of a spiked 
water sample (0.5119). 
Table 4.13 Linearity and limils 01 detection for SDE. Linear range from mixed 
standards in ether and limits 01 detection estimated based on the response 01 a 
spiked water sample (25 Jig r'), extracted lor 60 minutes into 50 ml diethyl ether 
and taken to 1 mllinal volume. GC-MS conditions as in Figure 4.4. 
Limit of 
Compound detection 
Linear range R' 
( ~g I" ) 
(~g) 
Methyl methacrylate 0.139 0.05-1 0.9990 
Hexanal 0.200 0.05-1 0.9925 
Styrene 0.006 0.005-1 0.9998 
2,6-Dichloroanisole 0.012 0.005-1 0.9983 
2-Chloro-6-methylphenol 0.025 0.005-1 0.9976 
2-Bromoanisole 0.012 0.Q1 -1 0.9976 
Guaiacol 0.023 0.005-1 0.9974 
4-Ethyl guaiaco l 0.051 0.01-1 0.9970 
2-Bromo-4-methylphenol 0.021 0.005-1 0.9976 
2,6-Dichlorophenol 0.016 0.005-1 0.9983 
2,4-Dichlorophenol 0.016 0.005-1 0.9979 
2,4,6-T richloroanisole 0.025 0.01 -1 0.9984 
2,4,6-Tribromoanisole 0.0 11 0.005-1 0.9977 
2,4,6-Trichlorophenol 0.023 0.005- 1 0.9983 
2,6-Dibromophenol 0.02 1 0.005-1 0.9981 
4-Chlorophenol 0.165 0.Q1 -1 0.9976 
2,6-Dibromo-4-methylphenol 0.045 0.005-1 0.9982 
Benzophenone 0.007 0.005-1 0.9979 
4-Bromophenol 0.208 0.01-1 0.9977 
2,4,6-Tribromophenol 0.029 0.Q1 -1 0.9973 
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Six replicate spiked water samples A - F (0.5 ~g added, equ ivalent to 25 
~g I·', ppb taking a 20 ml sample and 1 ml f inal volume) were extracted on 
two separate sets of glassware to assess reproducibility. Repl icates A , C 
and E were extracted on one system and B, D and F on another. 
Coefficients of variation (CV) were <10 % for most compounds (Table 
4.14). Method uncertainties were estimated using the RSD (%) values as 
described in Chapte r Two and are also included in Table 4.14. 
Table 4.14 Reproducibility and uncertainty lor SDE, based on area response for 
extracted mlz ions lollowing extraction 01 six spiked water samples (25119 r', 
adjusted to pH 2) lor 60 minutes into 50 ml diethyl ether and taken to 1 mllinal 
volume. GC-MS conditions as in Figure 4.4. 
Compound 
CV (%) Uncertainty 25 ~g I· ± 
(n=6) (%) 
Methyl Methacrylate 33.5 16.75 (67) 
Hexanal 10.5 5.25 (21.0) 
Styrene 12.8 6.4 (25.6) 
2,6- Dichloroanisole 9.0 4.5 (18) 
2-Chloro-6-methylphenol 7.0 3.55 (14.2) 
2-Bromoanisole 7.9 3.95 (15.8) 
Guaiacol 10.3 5. 15 (20.6) 
4-Ethyl guaiacol 15.3 7.65 (30 .6) 
2-Bromo-4-methylphenol 5.3 2.65 (10.6) 
2,6-Dich lorophenol 4.3 2. 15 (8.6) 
2,4-Dichlorophenol 5.3 2.65 (10.6) 
2,4,6-Trichloroanisole 11 .0 5.5 (22) 
2,4,6-Tribromoan isole 6.0 3 (12) 
2,4,6-T richlorophenol 3.8 1.9 (7.6) 
2,6-Dibromophenol 8.2 4.1 (16.4) 
4-Chlorophenol 27.2 13.6 (54.4) 
2,6-Dibromo-4-methylphenol 7.6 3.8 (15.2) 
Benzophenone 6.5 3.25 (13) 
4-Bromophenol 31.1 15.55 (62.2) 
2,4,6-T ribrom oph enol 17.0 8.5 (34) 
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Poor reproducibility was observed for 4-bromophenol and 4-chlorophenol 
and to a lesser extent 2, 4, 6-tribromophenol (all CV>15%) . Looking at the 
data a pattern could be seen, depending on the system (set of glassware) 
used for extraction - i.e. replicates A, C and E (extracted on set A) were in 
closer agreement, as were S, D and F (extracted on set S). This pattern 
was not seen for all compounds (Table 4. 15) . 
Table 4.15 Example areas lor replicate extractions using SDE showing paffern lor 
4-bromophenol and 4-chlorophenol, but not for 2, 4, 6-Trichlorophenol. Conditions 
as Table 4.14. 
Set of Sample 
4-Bromophenol 4-Chlorophenol 2,4,6-Trichloropheno! 
glassware replicate 
peak area peak area peak area 
(m/z 172) (m /z 128) (m/z 196) 
A 12937 31439 67987 
A C 14434 35808 64837 
E 14336 34100 61128 
% RSD 
6.02 6.52 5.31 (A,C and E only) 
B 7282 20055 63656 
B D 7490 20236 62686 
F 8844 21343 66077 
%RSD 
10.77 3.39 2.72 (B, 0 and F only) 
%RSD 31.12 27.23 3.81 (all replicates) 
This would suggest either loss or reduced extraction efficiency for these 
compounds on one set of glassware and highlights potential issues with 
the method for some compounds. Methyl methacrylate also gave poor 
reproducibi lity, most likely due to the poor peak shape and lower response 
observed for this compound. 
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4.4 Comparison of extraction methods 
The estimated limits of detection for the target compounds using each 
method were compared (Table 4.16). 
Table 4.16 Comparison of LOOs using OHS, SBSE, HSSE and SDE (sorted by 
ascending log P value) 
Compound 
SBSE is reported to work best for compounds with log P values between 
2 and 5 [206] . For all compounds with a log P above 2, the SBSE gave 
improved limits of detection compared to direct headspace, with the 
exception of trichloroanisole and to a lesser extent dichloroanisole, both 
of which gave the lowest limits of detection using direct headspace. In 
most cases the direct immersion SBSE gave the best results, but 
headspace sampling (HSSE) gave comparable, and in a few cases 
(benzophenone and 2-bromoanisole) lower, limits of detection. A 
response for hexanal was only observed at high concentrations (in initial 
bulk samples, 4 >Ig r') for SBSE and methyl methacrylate was not 
extracted at all using the optimised method. Work in Chapter 3 also 
illustrated that SBSE can be used for compounds with low log P values 
(as furan has a log P of 1.34). 
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A link between method performance and boiling point was also observed 
for some compounds. For the four compounds with log P values below 2, 
methyl methacrylate and hexanal (with lower boiling points) gave a better 
response for direct headspace, and for guaiacol and styrene the lowest 
limits of detection were achieved using steam distillation extraction (SDE). 
It can be concluded that a combination of physical and chemical 
properties influence the choice of extraction method for a given analyte, 
but in general the SBSE method performance was better than the 
established techniques. The choice of extraction method when the target 
analyte is known can be related to the sensory threshold of a compound 
(examples given in Table 4.17). Some compounds can be detected at 
extremely low concentrations (such as trichloroanisole) and sensitive 
methods are requ ired, for others (such as guaiacol) the sensitivity of static 
headspace would be sufficient. 
It should be noted that although the possibility of someone detecting a 
taint is concentration dependant, some individuals may be more sensitive 
to certain odours and compounds. Threshold values are used for the 
sensory analysis of taints, and are generally defined as the probability of 
detection being 0.5, that is 50% of the general population will detect a 
taint. However, care should be taken when using such values, as each 
individual will have a different threshold and most compounds are 
measured in air or water and may not represent detection in a real food 
matrix (as illustrated in Table 4.17). 
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Table 4.17 Sensory Threshold values for some common tainting compounds 
(Main source - "Index of chemical taints" Leatherhead Foods RA 1992 (341 J. and 
"Food Taints and off flavours ' Saxby (Ed) (37J values in water unless stated 
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The limits of detection in this study were calculated from extracted ion 
chromatograms of the target compounds following mass spectral 
acquisition in scan mode. Where the compound causing the taint is 
unknown, as in most cases, acquisition in scan is necessary to ascertain 
the differences between the data obtained for the suspect sample, and 
that from an equivalent 'untainted', or control sample. However, if sensory 
data or information is provided that can predict the compound(s) 
responsible, more targeted analysis can be performed. Also following 
identification of the analyte, more targeted methods can provide the 
accurate quantitation requ ired for risk assessment and decisions on 
potential risk to human health. The next section wi ll look at the effect of 
more targeted instrumental analysis using the optimised extraction 
methods developed in this study. 
4.5 Comparison of MS acquisition modes/Instrumentation 
If identification (and quantitation) of the unknown analyte responsible for a 
taint is not possible using a generic screening method, a more targeted 
approach is required. Due to the limited sensitivity of direct heads pace, 
traditionally this has often involved having to predict the compounds that 
may be responsible for a taint using sensory data, with subsequent 
analysis using the steam distillation extraction procedure detailed in this 
study. With target analysis, more selective mass spec acquisition modes 
can be used and with higher mass resolution instruments. To illustrate the 
improvement in sensitivity that can be achieved for targeted analysis 
compared to generic screening methods, a comparison of acquisition 
modes and instrumentation was performed, using direct injection of 
standards prepared in ether. 
Standards were prepared at concentrations between 0.05 I1g 1.' and 1000 
~g 1.' for all target analytes and GC conditions were as detailed in 4.2.2. 
The bench-top single quadrupole Mass Spec (Agilent 6890-5973 GC-MS) 
used in this study was compared to a high resolution magnetic sector 
instrument (Waters Micromass Autospec) in both scan and SIR/SIM 
acquisition modes. The use of a triple quadrupole mass spec (Waters 
Quattro Micro) using multiple react ion monitoring (MRM) acquisition was 
also briefly investigated. 
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In scan mode an instrument will scan the entire mass range (in this case 
m/z 40-400) , resu lting in ions only being detected for a fraction of the time 
during each cycle and therefore for each mass will only collect a lim ited 
number of ions. In selected ion record ing (SIR) , also known as selected 
ion monitoring (SIM), only certain m/z ions are monitored. This provides 
increased selectivity by allowing the system more time to monitor the 
selected ions, therefore increasing the number of ions collected and 
hence the sensitivity. In this work, to cover all the compounds, a single ion 
was selected for each compound. Th is still resulted in quite a number of 
ions being acquired and in reality, for targeted analysis, a SIM method 
would typically acquire as few as four m/z ions. The use of MS/MS in 
multiple reaction monitoring (MRM) mode should increases selectivity 
further by acquiring speci fic parent and daughter ions and should again 
lead to an increase in sensitivity by reducing background. 
High resolution MS (HRMS) 
Due to the mass ranges involved and the abi lity of the magnet, for GC-
HRMS SIR analysis, 3 separate acquisition methods were set up (Taint 
1-3). As the instrument provides greater than unit mass resolution, the 
accurate masses of the m/z ions detailed in Table 4.2 were required and 
these were calcu lated using atomic weights of elements based on carbon 
12.0000. The three acquisition methods, with ions used for each 
compound are detailed in Table 4.18. To provide mass cal ibration for the 
instrument, a calibration solution of perfluorokerosene (PFK, Sigma-
Aldrich , Poole UK) was used and a mass from its spectra se lected and 
acquired for each method, these are also shown in Table 4.18 (this is 
known as the lock mass as the magnet will calibrate the mass scale 
based on th is ion). 
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Table 4.18: Ions acquired in HRMS SIR acquisition 
(Voltage SIR, dwell time 30 ms per ion) 
m/zion Compound 
Taint_1 82.07830 Hexanal 
100.05243 Methyl methacrylate 
104.06260 Styrene 
11 8.99361 PFK lock mass # 
124.05243 Guaiacol 
128.00290 4-Chlorophenol 
142.01854 2-Chloro-6-methylphenol 
Taint_2 152.08374 4-Ethyl guaiacol 
160.95600 2,6-Dichloroanisole 
161.96390 2,6-Dichlorophenol 
171.85238 4-Bromophenol 
180.98882 PFK lock mass# 
182.07317 Benzophenone 
185.96803 2-Bromoanisole and 
2-Bromo-4-methylphenol 
195.92500 2,4,6-Trichlorophenol 
196.91400 2,4,6-Trichloroanisole 
Taint _3 249.86289 2,6-Dibromophenol 
263.87854 2,6-Dibromo-4-methylphenol 
280.98241 PFK lock mass# 
331.76934 2.4,6-Tribromophenol 
341.78905 2.4,6-Tribromoanisole 
# perfluorokerosene (PFK) lock masses used for the mass ranges in 
acquisition methods Taint 1-3 were obtained from the instrument 
manufacturer (Waters) and can be calculated using accurate masses of 
the ion series (Co F,o+')' 
In SIM acquisition, concentrations down to 1 I1g 1" (ppb) were observed 
(distinguishable from background/noise levels) for most compounds 
(Table 4. 19) . Exceptions were 4-bromophenol, hexanal and methyl 
methacrylate which only gave a response above a concentration of 100 
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~g 1-' _ When using extracted ion chromatograms from the scan data 
(m/z 40 - 400, scan t ime 1 sec) most compounds were only observed 
above 50 ~g r'_ 
Table 4.19 Comparison of sensitivity of responses for different acquisition modes 
and ins trumentation (standards in ether analysed over the range 0.05 /1g r' and 
1000/1g r', GC conditions as Figure 4.4, scan range m/z 40 - 400, GC-HRMS 
scan time 1 sec, GC-MS, 1.05 scans/sec_ GC-HRMS SIM dwell time 30 ms per 
ion, GC-MS SIM, dwell time 50 ms per ion). 
Lowest standard observed (Ill J") 
Compound GC-HRMS GC·HRMS GC-MS GC-MS SIM Scan Scan SIM 
2,4,6-T ribrom ophenol 1 50 10 0.5 
Benzophenone 0_ 1 50 5 1 
2,4,6-Tribrom oanisole 0.5 100 5 0.5 
2,6-Dibromo-4-methylphenol 0.5 50 5 1 
2,6-Dibromophenol 0.5 50 5 0.5 
2,4,6-Trichlorophenol 0.5 50 5 0.5 
2,4 ,6-Trichloroanisole 0.5 50 10 5 
4-Bromophenol 100 100 10 5 
4-Eth yl guaiacol 0.5 100 10 1 
4-Chlorophenol 1 50 10 5 
2,4-Dichlorophenol 0.5 50 5 0.5 
2-Bromoanisole 1 50 10 0.5 
2,S-Dichloroanisole 0.05 50 5 0.5 
2-Bromo-4-methylphenol 1 100 5 0.5 
2,S-Dichlorophenol 0.5 50 5 0.5 
Guaiacol 0.5 50 5 0.5 
2-Chloro-S-methylphenol 0.5 50 5 0.5 
Styrene 0.5 50 5 0.5 
Hexanal 50 500 50 5 
Methyl methacrylate 50 500 50 5 
In general at least a 10 fo ld increase in sensitivity was observed using 
SIM rather than Scan acquisition. As discussed earlier, it should be noted 
that for SIM, one method (or three for HRMS), looking for m/z ions for 
several compounds was used, whereas for true targeted analysis on ly a 
few ions would be acquired, which would further increase sensit ivity. 
Triple quadrupole (GC-MS/MS) 
To fu rther investigate the advantages of targeted analysis, a standard was 
run on GC-MS/MS. Initially a scan acquisition was used (m/z 40 - 400, 
scan time 0.6 sec), utilizing only the fi rst quadrupole (equivalent to scan on 
a single quadrupole instrument). Following this an example compound 
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was run in MRM acquisition, after identifying parent and daughter ions. 
One of the disadvantages of using MRM is that acquisition must be 
optimised for each compound individually to determine the coll ision 
energies required to produce the best response for the daughter ions 
selected. Trichloroanisole was chosen as it was approximately mid 
molecular mass in the range of target analytes. Two transitions were 
chosen, 210 >167 (dwell time 0.2 s, coll ision energy 20 ev) and 210> 195 
(dwell time 0.2 s, collision energy 12 ev) . Only one standard concentration 
(100 I1g 1" ') was analysed using this technique. Comparing the signal to 
noise value of trichloroanisole from the extracted ion in scan mode (mlz 
210) and that obtained using MRM acquisition (TIC of 210>167 and 
210>195) , showed a 4 fold increase in sensitivity. Using MRM also 
provides increased selectivity and a reduction in background signal, as 
demonstrated by improved signal to noise values, again illustrating the 
benefits of targeted analysis. 
4.6 Applications 
4.6.1 Spiked soft drink sample 
Following the evaluation of extraction of the target compounds from 
water, a spiked aqueous based soft drink sample was analysed (methods 
used were as described in 4.2.3). The sample was spiked to give nominal 
concentrations for each analyte of 0.1, 1, 10 and 100 I1g 1" ' (ppb) and 
duplicate samples extracted using each procedure (note the 100 I1g 1" ' 
spiked sample was not extracted using SDE). 
The lowest spiked concentration to produce a response for both the main 
mlz ion and at least one qualifier ion for each target compound, for the 
different techniques are shown in Table 4.20. 
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Table 4.20: Method comparison in spiked soft drink sample using OHS, SBSE, 
HSSE and SOE. Extracted m/z ions from GC·MS scan acquisition (instrumental 
conditions as Figure 4.4) 
Low.st spike ( ~Q 1"') 
Compound DH S SBSE I HSSE SDE 
Methyl I 1 Not 1 
1 Not 1 
0.1 0.1 0.1 1 
10 0.1 1 1 
I 10 0.1 0.1 1 
20' L I nol 1 1 1 1 
Iphenol 1 1 1 1 
2 O' L I lisole 0.1 0.1 0.1 1 
i I 0.1 0.1 0.1 1 
I 1 0.1 0.1 1 
4·C 101 10 0.1 0.1 10 
4·Ethyl 0.1 0.1 0.1 10 
100 0.1 1 10 
2,4,6· I 0.1 0.1 1 1 
2,4,6·- i I I 1 0.1 0 .1 1 
2,0-L I 1 0.1 1 1 
1 0.1 0.1 1 
2,4,6-Tri 0.1 0.1 0.1 1 
1 0.1 0.1 1 
2.4.6·TIi I 10 0. 1 0 .1 1 
It can be seen that wi th the exceptions of methyl methacrylate and 
hexanal, SBSE gives comparable or better performance than the 
alternative procedures. 
4.6.2 'Rea/life ' taint sample 
Following evaluation of the methods using spiked samples, a 'real life' 
taint sample was analysed. The aqueous based soft drink sample had 
previously been received in the laboratory fol lowing complaints of a taint. 
In the original work the sample had been analysed by using the 
established methodology of SDE followed by GC-HRMS. Targeted 
analysis was perform ed by the use of sensory data to predict possible 
compounds responsible for the taint. 
Both a control (received at the time of the complaint) and the suspect 
sample were analysed in duplicate by the fou r methods evaluated in this 
work (direct headspace, SBSE, HSSE and SDE). Methods were as 
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detai led in section 4.2.3. Following mass spectral scan acquisition, mlz 
ions were extracted for the target compounds and any differences 
between the control and the complaint sample were noted for each 
technique. 
SBSE 
For SBSE, a small response was observed in the complaint sample 
corresponding to 2, 4, 6-trichlorophenol (very low for qualifier ions) and a 
response was also observed for 2,6-dichlorophenol , which was not 
detected in the control sample. An increase in response was observed 
corresponding to 2,4-dichlorophenol, although th is was also present in the 
control sample. 
HSSE 
For HSSE, a response for 4-bromophenol was observed, but only in one 
replicate, so data were inconclusive. No other additional responses were 
observed in the complaint compared to the control. 
SOE 
Following SDE, the only differences observed between control and 
complaint samples was a small response in the complaint sample extract 
for 2,6-dichlorophenol (no qualifier ions observed). 
OHS 
Using direct headspace analysis, no additional responses were observed 
in extracted ions chromatograms for any compounds in the complaint 
sample compared to the control. 
The original analysis included extraction of samples using SDE, followed 
by analys is of concentrated extracts by GC-HRMS. Using the GC-HRMS 
in SIR acquisition mode, a response was observed in the tainted sample 
extracts corresponding to 2,6-dichlorophenol. Peaks were also observed 
corresponding to 2,4-dichlorophenol, and 2,4,6-trichlorophenol but these 
were also present in the control sample extracts at approximately the 
same level. The level of 2,6-dichlorophenol calcu lated in the complaint 
sample was 0.089 Ilg I" (ppb) , and no response was observed in the 
control sample extract. 
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The SBSE method gave resul ts in agreement to this previous work 
(Figure 4.24), with the SDE analysis giving a small response for one 
replicate, (but with no qualifier ions). Previous sensitivity for the SDE 
extracts (original data) was obtained both by using GC-HRMS instrument 
and targeted analysis. 
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Figure 4.24 TIC Chromatograms and extracted ions (mlz 162 and 164) for 2,6-
dichlorophenol following SBSE of control and complaint samples. Method as 
detailed in section 4.2.3. 
The SBSE method developed in this study was able to show the presence 
of 2,6 -dichlorophenol in scan acquisition (using extracted ions) but using 
a much simpler analytical system of a bench-top sing le quadruple GC-MS 
instrument. This demonstrates the usefulness of the developed method 
for real life taint analysis as there is no need for specialised glassware, or 
expensive instrumentation. In SDE another issue is the extensive 
cleaning of the glassware that is required and the possibility of cross 
contamination. The SBSE method provides a more rapid method and due 
to the methods simplicity and reduction in use of glassware or solvents, 
much less potential for contamination from external laboratory sources, 
which is of particular concern for taint analysis. 
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4.7 Conclusions and scope of methods studied 
Investigation of a taint in food involves several steps and a combination of 
different analytical approaches. Traditionally these may have included a 
screen using direct static headspace, and then using sensory data to 
predict compounds that may be the cause, subsequent analysis using 
SDE and GC·HRMS. The use of more sensitive instrumentation to 
improve selectivi ty and hence sensitivity only applies to targeted analysis 
where the analytes are known. 
This work has illustrated that SBSE may be an alternative approach both 
for the initial screen and more targeted analysis. The improved limits of 
detection for most compounds compared to static headspace analysis 
make the detection possible of the trace levels often responsible for taints, 
without the need for targeted analysis. 
The advantages for targeted analysis are the reduction in analysis time, 
compared to SDE, the reduction in use of organic solvents and due to the 
increased sensitivity there is no longer a need for expensive high 
resolution instrumentation. Although the use of SBSE with more sensitive 
instrumentation could reduce the limits of detection sti ll further. 
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CHAPTER 5 
Conclusions and further work 
5.1 Conclusions 
This work has reviewed new and existing sample extraction techniques lor 
the determination of trace level contaminants in foods. In particular, 
sorpt ive extraction techniques have been evaluated for both targeted 
analysis and for more generic screening approaches where the analyte 
may be unknown. The techniques evaluated in this work have been shown 
to be capable of quantitative analysis down to the very low levels requ ired 
for trace analysis (Iow >1g 1" , ppb). They combine sampling, extraction and 
concentration in one step, thus reducing analysis time and the use of 
organic solvents. Although they are equilibrium based techniques and do 
not provide exhaustive extraction, sufficient recovery was obtained and 
using internal standards, and/or matrix matched standards, or the method 
of standard additions, accurate quantitation was achieved. 
The use of SPDE in this work offered advantages compared to static 
heads pace, such as optimisation at lower temperatures , but was 
unsuitable for the more volati le analytes. Moreover, in direct immersion 
mode this technique would be unsuitable for many food matrices, due to 
the complexity of an additional washing step and potential losses. The use 
of the SPDE device gave comparable results to the static headspace 
method for the determination of the BTEX compounds but was unsuitable 
for highly volatile analytes, such as furan . 
SBSE was more suited to direct immersion sampling as the stir bar can be 
thoroughly washed after extraction prior to desorption, without significant 
loss of the analyte. SBSE provided an increase in sensitivi ty for analysis of 
the example compounds (benzene and toluene) compared to SPDE and 
direct static headspace methods. SBSE was also demonstrated as a 
potential alternative for the determ ination of furan and was comparable to 
existing methodology, but wi th the advantage of extraction at ambient 
temperature. 
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The use of SBSE for the determination of compounds known to cause 
taints in food has been demonstrated and offers several advantages 
compared to the more established procedures, using either static 
headspace or steam distillation extraction. Th is work has il lustrated that 
SBSE may be an alternative approach both for the initial screen and more 
targeted analysis. The improved limits of detection for most compounds 
compared to static heads pace analysis make detection of the trace levels 
often responsible for taints possible, without targeted analysis or the use 
of expensive instrumentation. The method is rapid and sensitive and is 
environmentally friendly due to little (or no) use of organic solvents. Also 
as specialised glassware, such as the Likens Nickerson equipment, is not 
required the potential for contamination or carry over is greatly reduced 
and a larger number of samples can be extracted simultaneously. 
The simplicity and speed of analysis would enable a timely response to 
taint issues in the food industry to ensure appropriate and evidence based 
decision making. 
5.2 Further work 
5.2.1 Other food matrices 
This work has demonstrated the applicability of sorptive extraction 
methods for predominantly aqueous matrices. The use of such techniques 
for more matrices with a high fat content provides more challenges and is 
yet to be fully investigated. Extraction into a PDMS phase is most efficient 
for non-polar analytes and further sample treatment may be required to 
encourage such analytes out of the fat present in such matrices. 
Furthermore for less homogenous samples or those containing 
particulates, longer extraction times may be needed to enable transfer 
through the matrix and into the extraction phase. 
5.2.2 Optimisation of headspace sorptive extraction (HSSE) 
The sampling method for HSSE used in this study cou ld be improved. The 
inserts used were observed to affect the extraction process. Investigations 
into appropriate methods for suspending the stir bar in the headspace of 
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the sample may provide a better solution. Also in this work HSSE was 
performed using an automated agitator (CombiPAL). Other authors have 
reported using hot plates and water baths with glass stir bars. The 
efficiency of extraction using a range of techniques, including the 
possibi lity of performing SBSE and HSSE simultaneously cou ld be further 
investigated. 
5.2.3 Solvent desorption 
In the work using SBSE, only thermal desorption directly into a GC-MS 
was utilised following extraction. This technique enables analysis of only 
the volatile and semi-volati le compounds. The use of solvent desorption to 
enable analysis of thermal ly unstable and non- vo latile analytes could be 
further investigated. Solvent desorption followed by GC and/or LC analysis 
wou ld enable a greater range of compounds to be covered for screening 
purposes, although some loss in sensitivity would be inevitable as on ly a 
portion of the solvent would be analysed. The choice of solvent could also 
provide further selectivity for more targeted analysis. 
5.2.4 Investigation of extraction mechanisms 
The work in this study has illustrated that physical and chemical properties 
alone can not always be used to explain the successfu l extraction of target 
compounds from a matrix. During the work on food taint analysis, some 
anomalies were observed. SBSE for trichloroanisole and dichloroanisole 
did not provide the expected increase in sensitivity compared to di rect 
headspace, despite having similar boiling points and log P values to other 
compounds for which a noticeable improvement was observed (Table 
4. 16). As the objective of this study was to provide a screening approach, 
this was not pursued, but could be investigated further. 
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